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Science 


SCIENCE EXPRESS 


IMMUNOLOGY 

AWhole-Genome Association Study of Major Determinants 

for Host Control of HIV-1 

J: Fellay etal 

‘Asurvey of the whole human genome identifies variants in immune genes that are 

associated with differences in vical load during the earty stages of HIV infection. 
10.1126/science.1143767 


CLIMATE CHANGE 

Glaciers Dominate Eustatic Sea-Level Rise in the 21st Century 

MF Meier eta. 

‘None, accelerated meting of glaciers and ice caps other than the Greenland and 

‘Antarctic ice sheets may aise sea levels by upto 0.25 meters uring this century, 
10,1126/science.1143906 


COMPUTER SCIENCE 
Checkers ls Solved 

J. Schaeffer et al. 

{series f up to 200 computers running since 1989 has considered theS x 10% 
possible postions for checkers, showing that perfect play always leads to a drav. 


>> News story p. 308 
10.1126/science,1144079 


TECHNICAL COMMENT ABSTRACTS 


ANTHROPOLOGY 
Comment on "Redefining the Age of Clovis: 320 
Implications for the Peopling of the Americas” 

G. Haynes etal, 


Response to Comment on "Redefining the Age of Clovis: 
{Implications for the Peopling of the Americas” 
M.R. Waters and T. W. Stafford Jr 


REVIEW 

BIOCHEMISTRY 

Motor Proteins at Work for Nanotechnology 
M. GL. van den Heuvel and C. Dekker 


BREVIA 

MEDICINE 

Tumor Growth Need Not Be Driven by Rare Cancer 
Stem Cells 

PN. Kelly, A. Dakic. J. M. Adams, S. L. Nutt, A. Strasser 
‘Many ofthe lymphoma and leukemia cels in mice can seed new 
‘tumors, a result inconsistent with the hypothesis that tumor growth, 
is driven by rare cancer stem call 


RESEARCH ARTICLE 

ENETIC 
‘Common Sequence Polymorphisms Shaping Genetic 338 
Diversity in Arabidopsis thaliana 
RM. Clark etal 
Extensive variation inthe genome sequences of 20 strains of 
‘Arabidopsis thaliana indicate a prominent role for biotic interactions 
in shaping its genetic diversity 


REPORTS 

Imaging the Surface of Altair 42 
J. D. Monnier et al. 

Optical interferometry at the surface ofthe star Altar suggests 

that its elongate shape and brightness may relect unusual 
differential rotation near its equato. 


337 


GEoC 
The Crystallization Age of Eucrite Zircon 

G Srinivasan, M. J. Whitehouse, 1. Weber, A. Yamaguchi 
Hafnium-tungsten isotopes imply that eucites, which sample 
‘an early planetesimal, crystallized rapidly within 7 milion years, 
atter metal segregated ta form a care. 


4EMISTRY 
345 


ATMOSPHERIC SCIENCE 


Boundary Layer Halogens in Coastal Antarctica 48 
A. Saiz-Lopez et a. 
Year-round measurements of BrO and 10 in Antarctica reveal 
the surprising presence of high concentrations of both species, 
‘even during the sunlit period, 
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‘APPLIED PHYSICS 
Intra- and Intermolecular Band Dispersion 351 
in an Organic Crystal 

G Koller etal 

‘taining a well-ordered film of an organic semiconductor reveals 
that its band structure parallet to the main axis ofthe molecule ts 
diferent from that perpendicular tit 


MATERIALS SCIENCE 
‘Spontaneous Superlattice Formation in Nanorods 355 
Through Partial Cation Exchange 

R.D. Robinson et al 

Straining a cadmium sulfide nanorod during its arowth from colloids 
allows fine control over the spacing of siver-sufide quantum dots 
and their emission of near-infrared ight 


PALEONTOLOGY 
A Late Triassic Dinosauromorph Assemblage from 358 
New Mexico and the Rise of Dinosaurs 

RB, mis etal 

The co-occurrence of fosils of dinosaurs and their earlier relatives 
{in New Mexico and elsewhere imply that the Late Triassic rise of 
dinosaurs was gradual, not sudden, 


GENETICS 
Genetic Diversity in Honey Bee Colonies Enhances 362 
Productivity and Fitness 

H.R Mattila and T, D, Seeley 

Honey bee hives with genetically diverse members stored 

‘more food and thus survived better than those with members 

{roma single male founder. 


BIOCHEMISTRY 
PDZ Domain Binding Selectivity Is Optimized Across 364 
the Mouse Proteome 

M.A. Stiffer etal. 

The variations in binding selectivity of a common protein binding 
domain are evenly distributed in selectivity space, rather than 
arranged in discrete clusters a had been assumed. 


PHYSIOLOGY 
Brain IRS2 Signaling Coordinates Life Span and 369 
Nutrient Homeostasis 

BA Taguchi, LM. Wartschow, MF White 
Mice engineered with a brain-specific decrease in insulin-tike 

signaling have tet ie spans extended as much as those in mice 

witha similar defect throughout thelr bodies, 


www.sciencemag.or 


326 
&384 
CELL BIOLOGY 
Patched Regulates Hedgehog Signaling at the 372 


Primary Citium 
Rohatgi, L. Milenkovic, M. P. Scott 

‘Signaling on cia occurs when a soluble ligand binds toa receptor 
and relieves an inhibitor interaction, allowing regulation of 
development and other processes. >> Perspective. 330 


IMMUNOLOGY 
Host Immune System Gene Targeting by a 376 
Viral miRNA 

WN. Stern-Ginossar etal 

‘tomegalovru aids is own survival by encoding 9 microRNA that 
inhibits, inthe nected hos cell, wanslation ofa igand that would 
noxmaly trigger antiviral responses. >> Pvspetivep. 329 


NEUROSCIENCE 
‘Mosaic Organization of Neural Stem Cellsin the 381 
Adult Brain 

FT. Merkle, Z. Mirzodeh, A. Alvaree-Buylla 

The various types of neurons that migrate to adult mouse olfactory 
‘cortexare each born in a citfrent subregion ofthe stem cel area, the 
subventrcular zone. 


NEUROSCIENCE 
‘Queen Pheromone Blocks Aversive Learning in 384 
‘Young Worker Bees 

V. Vergaz, H. A. Schreurs, A. R. Mercer 

‘Apheromane produced by honey bee queens prevents aversive 
learning in workers, possibly to prevent the queen's attendants 

{om forming an aversion to their mother. 
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‘Wide bands make bad Mabius strips. 
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What Makes Us Human? Spite. 
‘Chimps will punish one another, but not 
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‘Mathematicians can finally predict the shape 

‘of the weirdly one-sided object 
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Conservationists protest Tanzanian industrial plan 
they say threatens birds 
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Olfactory Neuron 
Precursor Diversity >> 


In the adult mouse, the brain provides a steady supply 

of newly generated olfactory neurons. These cells are 
generated in the subventricular zone and migrate to 

the olfactory bulb. Merkle et al. (p. 381, published online 

5 July) now show that different regions of the subventricular 
Zone give rise to different types of olfactory neurons. Thus, 
the stem cells of the subventricular zone are not so much 
individually versatile and are better characterized as a starting 
point of an already diverse population. 


Borrowing Power 
from Nature 


Mechanical tasks are accomplished in the cell 
through an array of molecular machines and 
there has been interest in exploiting this machin. 
ery in artificial nanoscale structures, Van den 
Heuvel and Dekker (p, 333) review the recent 
[progress on the use of rotary and linear motor 
proteins for tasks such as facilitating transport or 
powering a device. Although some clever applica 
tions have evolved, the authors note that many 
‘uses are still only atthe proof-of-principle stage. 


Dating Differentiation 


Eucites are meteorites that trace igneous activity 
on small bodies, similar to the asteroid Vesta, early 
inthe solar system’s history. Dating them can tell 
us about geophysical processes at work when these 
bbodies were differentiating to form a metallic core 
and silicate mantle, However, such attempts have 
bbeen difficult because eucrites tend to be changed 
by later heating and fracturing, and also, the iso 
topic systems available for dating are hard to cai 
bate. By analyzing zircons within eucrites, 
Srinivasan et al. (p. 345) have dated their cry 
tallization to within 6.8 million years of metal 
silicate differentiation on their parent body. They 
were able to anchor the short-lived HE-W isotope 
system with the slower U-Pb system to tie down the 
timing accurately. Later metamorphosis of the 
euctites took place ater another 9 million years 
and was likely caused by heating from impacts 


Ina Spin 

Imaging the surfaces of stars other than the Sun 
would allow astronomers to map the physical 
processes at work on them, With advanced opti 
cal interferometric techniques. Monier et al. 
(p. 342, published online 31 May; see the Per- 
spective by Quirrenbach) have resolved the sur 
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face of the main sequence star Altair, one of the 
brightest stars in the night sky, to a resolution of 
<1 milliarcsecond, Altair is unusual asit spins 
very rapidly, fast enough that it appears elon 
gated through centrifugal forces. The amount of 
distortion and the attendant changes in surface 
temperatures, characterizing angular momen: 
tum transport within the star, diverge from the 
predictions of standard models, especially 
around the equator. Thus, extra processes, such 
2s differential rotation and alternative gravity 
darkening laws, are needed to explain the 


appearance of rotating stars 


Strained Relations 

When films are grown on surfaces through 
vapor-phase deposition, complex heterostructun 
an form because of strains that arise through lat 
tice mismatches. Robinson et al. (p. 355) show in 
solution envionment thatthe complex superlat 
tices can form spontaneously in cadmium sulfide 
‘nanorods through the controled introduction of 
silver cations. Alternating layers of cadmium su 
fide and slvr sulfide form along the axis ofthe 
cod because the lattice-mismatch stain that 
builds up during silver infiltration limits the 
roth of the si 


ver sulfide 
domains. The 
control over 
growth achieved 
by changing the 
solution parame 
ters and nano 
ire dimensions was used to tune the near 
infrared emission from these nanorods. 


Halogens in Antarctica 


Tropospheric halogens affect the concentration of 
‘zone, the oxidizing capacity of the atmosphere, 
‘and aerosol formation, all of which are linked to 


SCIENCE 


climate. The halogen chemistry ofthe frozen high 
Latitudes has proven to be particularly interesting, 
not least because of the role ofthese regions as 
harbingers of global climate change, but a better 
understanding of that chemistry has been ham: 
pred by lack of data. Saiz-Lopez et al. (p. 348) 
present measurements of BrO and 10 in the 
Antarctic boundary layer from January 2004 to 
February 2005. They observed high concentra 
tions and persistence of these halogens through: 
‘out the sunlit period, contrary to expectations and 
unlike the situation in the Arctic, where 10 has not 
been detected. The springtime 10 levels they 
found are the highest reported anywhere in the 
atmosphere, and an apparent synergy between 10, 
‘and BrO suggests an unknown halogen-activation 
mechanism, These levels of halogens also cause 
the rapid oxidation of dimethyl sulfide and mer 
cury in the Antarctic boundary layer 


Gradually Becoming 
Dominant 


Dinosaurs became the dominant land animals by 
the Jurassic. Whether ther early ascension began 
by way of an extinction that preferentially affected 

their precursors, including the 
archeosaurs and amniotes, or through 
‘amore gradual replacement of these 
‘other groups, is unclear, but the earlier 
Tiassic fossils needed to evaluate these 
‘questions have been relatively scarce. 
Irmis et a. (p. 358, see the cover) now 
describe a rch fossil assemblage from 
New Mexico dating tothe Late Triassic that 
includes both dinosaurs and their reptilian precur 
Sors. Thus, some ofthe precursors persisted much 
longer than had been thought and existed along 
with dinosaurs for milions of years. These fossils 
support a model ofa gradual rise of dinosaurs in 
the Late Triassic that preceded their dominance by 
the beginning ofthe Jurassic 


This Week in Science 


The Same Difference 

Recent advances in sequencing technology have increased our power to study variation within asin 
ale organism, Clark et al. (p. 338) resequenced 20 strains of Arabidopsis thaliana with high-density 
nucleotide oligonucleotide arrays and found extensive variation. The comprehensive inventory of 
genome-wide DNA polymorphisms in Arabidopsis ilustrates the extent of natural genetic variation, 
with many genes disabled in diferent wild strains, as well s high levels of polymorphism among 
gene family members, including those involved in disease resistance 


What's the Buzz? 


The residents of bee hives are well known to be closely related, but hives can often exhibit more 
genetic diversity than might be anticipated from theories on the benefits of cooperation among 
closely related individuals. Mattila and Seeley (p. 362) show one reason for ths is that more genet 
cally diverse hives (those originating from a female mating with multiple males) perform better in the 
rate of comb building, foraging rates, and honey production than those originating from a st 

female and male. To advertise her presence in the colony and to exert influence over its members, a 
honeybee queen produces a complex blend of substances known as queen mandibular pheromone. 
Vergoz et al. (p. 384 see the Perspective by Galizia) found that exposure to queen pheromone leads 
toa reduction in aversive learning but not to a reduction in appetitive learning in young honeybees. 
The queen substance modulates the dopaminergic system of bees, which reduces the capacity of 
young workers to form aversive memories 


Location, Location, Location 


Despite substantial effort, it has remained relatively mysterious 
how the protein known as Hedgehog (Hh activates signaling 
pathways that regulate various biological processes, including 
stem cell function, development, and cancer, Rohatgi et al. 
(p. 372; see the Perspective by Christensen and Ott) show 
that mammalian cells use their primary cilium as an antenna 
that samples the surrounding environment for the presence of 
Hh. When Hh bound to its receptor Patched 1 (PtcD, the recep 
tor left the cilia, where (in the absence of stimulation) it acts to 
restrain Hh signaling by preventing accumulation of the signal 
ing protein Smoothened (Smo). Accumulation of Smo in the 
Cilia of stimulated cells corresponded to activation of Hh signal- 
ing, Further understanding the molecular mechanisms that 
influence cellular Localization of Ptci and Smo will improve 
understanding of the signaling pathway and may lead tonew 
therapeutic targets 


Longevity on the Brain 

Several studies show that loss-of-function mutations inthe insulin-like signaling cascade extends the 
life span of worms and flies; however, equivalent mutations are associated with metabolic disease and 
fatal diabetes in mice. In contrast, calorie restriction or genetic strategies in mice that enhance 
insulin sensitivity Lower the risk of age-related disease and extend life span. Taguchi etal. (p. 369) 
resolve these conflicting results by pointing to the brain as the site where reduced insulin-like signal 
ing can extend mouse if span 


Minimal Exposure 

The recent discovery that certain viruses express microRNAs (miRNAS) raises the question as to 

whether these pathogens might use miRNA to evade their hosts. Stern-Ginossar et al. (p. 376; see 

8 the Perspective by Cullen) find that for human cytomegalovirus this appears to indeed be the case 

3 One of the virus’ miRNAs was predicted to target the 3‘ untranslated regions of two immune-related 

3 genes, which become activated in response to viral infections. Expression of one of these proteins 

3 was indeed dampened by the viral miRNA, which reduced recognition by antiviral natural killer cels 

i It remains to be seen if miRNA will turn out to be a widespread method exploited by viruses to evade 
host immunity. 
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Playing Climate Change Poker 


TARGETS CAN BE TROUBLESOME THINGS. IF THEY'RE SET FOR SOME DISTANT FUTURE DATE, 
the target setter may not live long enough to see if they've been met, Interestingly, much dis- 
cussion about tackling climate change anticipates having achieved something by the middle of 
this century. What's the target? Both the European Union (EU) and, at a national level, the 
United Kingdom have focused on a CO, emissions cut of at least 60%, which is intended to 
reduce average global warming by 2°C. (The June G8 summit also spoke of an emissions cut 
‘of 50% globally. but only in the context of exploring such a goal 

and with no greenhouse gas stabilization target in mind) 

What are the chances of meeting the 2° objective? Not 
likely, according to Malte Meinshausen of the Swiss Fed- 
eral Institute of Technology, who presented the scientif 
eviden f the 2005 Exeter climate chan; 
conte 
government economic advisor Sir Ni 
Imtergovernmental Panel on Climate CI 
sis of 11 climate sensitivity studies of the effect of global 
CO, atmospheric concentrations on temperature shows 
that settling for a 60% cut in atmospheric CO, (which 
corresponds to 550 parts per million by volume) leaves a 
probability between 63 and 99% of missing the 2°C tar- 
get. Both the UK and EU proposals indicate that their 
‘emissions reduction targets might be toughened, Perhaps, 
like an athlete attempting the high jump, we are warming 
up at lower heights first, But scant evidence supports that 
luxury. Not only must we reduce anthropogenic greenhouse 
_gas emissions, we need timetable that reduces the risk of positive fe 
ures that could lead to runaway catastrophic climate change. 

Ina democracy, it is difficult to convince voters that they should take actions, especially 
expensive ones, to avoid an as yet angely unseen and unquantifiable danger. How do you base 
1 policy that is likely to have significant economic impacts on model data and forecasts that 
some might regard as guesswork? We only need to recall the false economy of not spending 
taxpayers dollars on bung up the New Orlcans levees wo realize how astons taken 

jay, combined with the risk that skeptics may aecuse the 
ing wolf” could make tougher policies harder to adopt later. 
UK target, the government must also ask what the United Kingdom's share ofthe 
burden is. Its national target must necessarily relate to reductions in other countries, including 
the developing world, where industrial growth to alleviate poverty is increasing emissions, as 
foreshadowed in 1992 by the United Nations Framework Conmention on Climate Chan; 
‘cannot make a random national calculation and throw itinto the global pot of targets: rather, we 
have to determine what the global need is and figure out how to distribute it—a calculation that 
must combine science with justice. A successful global climate change framework will have to 
pay as much attention to the latter as tothe former: countries such as China and India will be 
more inclined to budge if developed countries fully embrace their own responsibilities. Why 
should anyone sign an agreement that cements their own disadvant 

The UK govemment isthe first to take on thischallenge, with publication of the draft Climate 
‘Change Bill in March of this year. Its leadership carries the responsiblity to get emissions targets 
right. The final bill needs to make explicit the formula used toarrive atany target that government 
sets. Tat formula should tell us not only the size ofthe cake but also how we ealeulate our share 
of it, The draft bill proposes a figure that cannot be explained in terms of either criterion. [fit did, 
that would surely boost confidence that the result is designed to solve the problem faster than 
\we're creating it. suspect I have set myself target of living until I'm 97 to see what transpires. 

—Colin Chatlen 
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Electric Aftershocks 


Earthquake ruptures are expected to generate 
electromagnetic activity within the surround- 
ing rocks, but direct evidence for this effect 
has been lacking. Laboratory experiments on. 
real rocks do generate currents due to fluid 
movement and piezoelectric effects, but they 
are weak and in the geological setting 
hard to disentangle them from anthropogenic 
signals or more ambient electronic noise. 
Park et al. report possible detection of a 
characteristic electrical signal using an elec- 
trode array placed on the San Andreas Fault 
at Parkfield, California. Electrical distur- 


San Andreas Fault 


bances lasting 3 hours were picked up within 250 m of the fault immediately after a magnitude 6.0 earthquake that occurred 
in September 2004; signals of opposite polarity were subsequently detected after two magnitude 5.0 aftershocks, Although 
similar electromagnetic changes do occur on a daily basis in this area, the team argue that the localization, 
timing, and unusual polarity of their signals support association with the earthquake rupture process. They propose fluid 
movements as the most likely cause of the electrical signals, although they are unable to explain the rapid onset. No 
precursor signals were observed, so this technique may not ultimately help with earthquake prediction. —JB 

1. Geophys. Res, 212, 10.1029/2005)8004196 (2007), 


ECOLOGY/EVOLUTION 
Smaller Harvests Than Expected 


Leal cutting ants ofthe genus Atta are ubiqui 
{ous residents of neotropical forests. They con 
struct large subterranean colonies and journey 
‘on trails across the forest floor and into the forest 
canopy, where they harvest leaf fragments that 
are carried back to the nes. The fragments nour 
ish a mutualistic fungus that in turn provides 
protein and carbohydrate forthe ant colony. 

Leaf cutters have been widely assumed to be the 
dominant herbivore inthe forests they inhabit, 
bout supportive quantitative data for this assump: 
tion are sparse. Herz et al. fist used a rapid and 
‘nondestructive method, involving the sampling 
of refuse deposited by ants outside their nests, as 
proxy for measuring 

the daily harvest of 

leaves, Then they col 

lected data from 

nearly 50 nests over 

15 months ina Pana 

‘manian forest and cal 

culated thatthe ants 

were actually responsi 

ble for only about 

0.7% of total lea consumption by al foivores 
{insects and vertebrates in the forest. Even 
though these results indicate thatthe defoliation 
by leaf-cutters és more modest than previously 
thought, Urbas et al. found that herbivory by 
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leaf-cutters in a Brazilian forest increased at the 
margins (versus the interiors) of forests that had 
been fragmented by human disturbance, thus 
amplifying environmental change at the forest 
edge. — AMS 

Biotropica 39, 476: 4 


189 (2007. 


BiocHEMistaY 
Surviving a Dry Spell 


fe (as we know iis based on carbon, and one 
fortuitous factor is the compatibility of sugars and 
water. Glucose is readily soluble (at much higher 
concentrations than the building blocks of other 
biological polymers), easily handled by enzymes 
via its chemical functionalities, and benign (and 
‘pethaps even beneficial in is interactions with 
other biochemicals. In 
considering the major 
circulating sugar in 
insects—trehalose, 
which is a head-to 
head dimer of glu 
cose—the extraord 
nary tolerance of 
Polypeditum vonder: 
lanki larvae to des 
‘ation comes to mind. 
‘When the rock pools 
where these larvae lve dry up, the Laval fat body 
sythesizes trehalose and releases it into the 
hemolymph in order to protect tissue constituents 


Dehydrated (lef) and 
rehydrated larva. 


as water is lost, When water becomes available 
again, dehydrated larvae undergo rehydration and 
resume their developmental progression into adult 
‘midges. Kikawada et ol. have identified a tre 
hhalose transporte (called TRETA) in P. vander 
planki, They show that it is specific for trehalose 
versus maltose, sucrose, and lactose; they also 
show that it functions asa low-affinity, high 
capacity facilitated transporter that can be 
expressed benignly in mammalian cells. — GIC 
Proc, Not Acod. Sc. UA 104, 11585 (2007) 


COMPUTER SCIENCE 
Natural and Artificial Flavors 


Computer scientists have tong worried that their 
field suffers from split personality disorder: is 
what they do mathematics or engineering? True, 
they work on problems such as writing software 
to carty out calculations on a machine, but they 
also grapple with the most abstract mathemati 
‘al properties of computational procedures and 
the logic of algorithms. So the debate has 
raged: Is the field a science of the natural world 
or only ascience ofthe artificial? Denning 
argues that computer science is decidedly a nat 
ural science. Information storage and process 
ing have been found to be fundamental ele- 
‘ments of many fields, from the biological data 
stored in DNAto the quantum information that 
is transmitted and modified as particles interact. 
In many areas, principles that transcend com- 


ncemag.org 
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puting machines form a set of questions about 
the deep structure of computation. These ques 
tions, in turn, are driving innovative ways to 
teach computing, sometimes without using 
sophisticated computer gadgetry at all. The 
author concludes that the field encompasses a 
science of information processing in both natu- 
ral and artificial systems. — DV 

Commun, ACM 50, 13 (2007) 


ECOLOGY/EVOLUTION 
Eats Roots and Leaves 


The understanding of food webs in soil has lagged 
behind that of above-ground or aquatic systems 
because of the bewildering complexity of sol 
‘organism communities and the sheer intractability 
of making observations and doing 

‘experiments in soil. thas long been 

thought that invertebrates in forest 

soils derive most oftheir carbon from 

{caf iter that falls from trees. 

Pollierer etal. used a construction 

‘rane to alter the isotopic ratio of 

2 and ™'C supplied (as CO,) to the 

canopy of a Swiss forest, They then 

reciprocally ransferred the resultant leaf 

{iter to neighboring forest areas that had exper 
ened a normal isotopic ratio of CO,, and meas: 
‘red the isotopic ratios in the tissues of solani 
‘mals. The carbon isotopic ratio inthe inverte 
brates more closely matched that of the tee roots 
rather than that ofthe lea litter to which they 
\were exposed, indicating that the diet of these 
animals derived primarily from root tissue and 
‘exudates as compared to fallen leaves (which 
therefore appear to be processed largely by 
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microorganisms). Mf this pattern extends to other 
temperate forests, the configuration of below 
‘ground food webs and pattems of carbon flux 
‘might have to be reconsidered. — ANS 

Ecob Lett. 10, 729 (2007). 


CHEMISTRY 
Different Routes to a Cluster 


In heterogeneous catalysis, the routes whereby 
molecules come and go from the active sites 
«an substantially affect their reactivity. Rottgen 
etal. have examined a case where direct and 
indirect adsorption processes compete: the 
oxidation of CO over Pa clusters supported on 
[MgO films grown on a metal substrate. The Pd 
clusters (either Pd, or Pd) were mass-selected 
before deposition, and by changing 
@9 their surface coverage, the authors 
could vary the ratio of 
incoming CO that 
adsorbed directly 
‘on the cluster 
versus that arti 
ing via diffusion 
from the support. 
Data and modeling 
revealed that for the Pd 
clusters, the reaction proba: 
bility was the same whether 
the CO arrived directly or by 
diffusion, whereas forthe Pd,g clusters, the CO 
supplied by reverse spillover from the support 
was less reactive than that impinging directly. 
The results highlight the subtleties of structure 
dependent activation energies. — POS 
J.Am. Chem. Soc. 129, 10.1021/)20684371 (2007) 


CO arriving at a 
cluster. 


<< Numb Cells Keep Moving 


Integrins are heterodimeric transmembrane receptors that bind to com- 


ponents ofthe extracellular matrix and are important for both cellular 
adhesion and migration. The clustering of activated integrins onthe sub- 


www.stke.org 


strate-facing surtace of the leading edge of a cel results in the recruit- 
ment of various proteins, including actin stress fibers, to form a focal 


adhesion complex (FAO. Cells move, in part, through the coordinated assembly and disassembly of 
focal adhesions at the leading edge of the cell. Numb is @ cargo-specific adaptor protein that binds 
to several endocytic proteins, and Nishimura et al. examined the role of Numb in endothelial and 
epithelia cell cultures. In a wound-healing assay, Numb polarized toward the leading edge of 
‘migrating cells just behind the lamellipodium), and immunostaining demonstrated that Numb and 
[integrin colocalized at focal adhesions. Coimmunoprecipitation experiments revealed that Numb 
bound to the PAR (for partitioning defective) polarization complex PAR-3. This complex also localizes 
to the leading edge of polarized migrating cells. One component of this complex, atypical protein 
kinase C (aPKO phosphorylated Numb in HeLa cells and, as consequence, Numb no longer bound 
tointegrins. The authors propose that Numb binds to free integrin molecules (rather than disrupting 
FACS) and recruits them to clathrin-coated structures to initiate integrin recycling, and thatthe local- 
ization and function of Numb are negatively regulated by aPKC. — ]FF 

Dev. Cell 13, 15 (2007). 
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There's only one source for news and research with the greatest impact ~ Science. 


With over 700,000 weekly print readers, and millions more online, Science ranks 
as one of the most highly read multidisciplinary journals in the world. And for 
impact, Science can’t be beat. According to the recently released Thomson ISI 
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Science 


AAAS 


Who inspires 


brainwaves while 


| study water waves? 


Q_ AAAS 


| study the mathematical equations that 

describe the motion of water waves. 
Different equations represent different waves ~ 
waves coming onto a beach, waves in a puddle, 


-~ 


or waves in your bathtub. Then when I've 
surfed the math, | like nothing better than to 
spend the rest of the day surfing the waves. k 


This field is very important. The better we can #| 
model water waves, the better we can predict 9) 
the patterns of beach erosion and natural ° 
disasters such as the tsunami in South East.) 
Asia, And this research can be applied to all 
sorts of regions around the world. 


Being a member of AAAS means | get to learn 
about areas of interest | might not otherwise 
encounter. It gives me valuable opportunities to 
exchange ideas with colleagues in other fields. 
And this helps me find new approaches to 99 
my own work. 


Dr. Katherine Socha is an assistant professor of 
mathematics at St. Mary’s College, Maryland. 
She's also a member of AAAS. 

See video clips of this story and others at 
www.aaas.org/stories 

Katherine Socha, PhO. 


Assistant Professor of Mathematics 
and AAAS member 
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Sick Pictures 


Anneuroscientist might describe a nightmare df 
ferently, but this 1810 image (lft) by the English 
‘engraver Jean Pierre Simon certainly captures the 
terror. I's one of thousands of medically themed 
photos and art housed at Wellcome Images, a 


new gallery rom the British biomedical charity the Wellcome Trust. 

The site's contemporary collection isthe place to search if you want, say, a spectac 

ular photo of dividing cells caught at the moment of parting of an electron micrograph 

of influenza viruses barging into tracheal cels. To trace changes in medical knowledge and prac: 

tice, browse the historical collection, whose holdings include rarities such as 15th century 

Chinese anatomical drawings and a 1920s Soviet propaganda poster on the dangers of typhus. 
IW your intentions are pure (that is, noncommercial), you can download the images free. 


Multifaceted Menace 


‘Mosquitoes can walk on water as well as any 
waterbug, or stick to a wall like Spiderman, 
Now Chinese bioengineers are figuring out 
‘what makes them such versatile pests 

‘Ateam led by C. W. Wu atthe Dalian 
University of Technology in China mounted 
‘a mosquito’s leg on a needle and pushed it 
down onto a tub of water on a digital balance. 
By varying the angle, they found that a single 
leg could hold 23 times a mosquito’s weight 
before becoming submerged, they report in 
July's Physical Review Letters 

‘Scanning electron microscope images 


tiny scales, each with upto a dozen tongitudinal 
ridges connected by fine transverse ribs. The 
scientists speculated that ait tapped between 
the ribs may form 
“nanocushions” that 
contribute to buoyancy, 
but their experiments 
also indicated the 
importance of the 
f angle ofthe leg in not 
breaking through the 
Seales on surface. As the authors 
mosquito leg. note, mosquitoes are 
equally at home on dry land, It turns out that thet 
feet are equipped with tiny hooks and covered in 
adhesive hairs similar to those ona fly 


N Md 
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‘Mathematician David Hu of New York 
University notes that understanding water 
repellent nanostructures will be useful for 
‘anyone who wants to make an all-terrain robotic 
insedt. “Hfit’s ever going to fly in the rain, water 
repellency is going to be important.” 


Armchair Galaxy-Spotting 


Hf you can tell a star from a galaxy, astronomers 
at Portsmouth and Oxford universities in the 
United Kingdom and Johns Hopkins University 
in the United States would like you and your 
computer to help classify about a million 
images from the robotic Sloan Digital Sky 
Survey telescope at Apache Point Observatory 
in Sunspot, New Mexico. 

Volunteers are invited to go to 
wor galaxyz00.0rg to see pictures of galaxies, 
“most of which have never been viewed by 
human eyes before,” according to a statement on 
the Web site, Participants will categorize each 
image as spiral, elliptical, star/don’t know, or 
mergers. The spiral galaxies are then subdivided 
into clockwise, anticlockwise, and edge-on, 

“The human brain is actually better 
than a computer at pattern recognition tasks 
like this,” says Oxford astrophysicist Kevin 
Schawinski, Astrophysicist Bob Nichol of 
Portsmouth adds that getting the galaxies 
classified is “as fundamental as knowing 
if a human is mate or female.” 


revealed that the insect’s legs are equipped with 


Archaeologists said last week that they had discovered the oldest 
known winery in France, at a 2000-year-old Roman villa near 
Béziers in the southern region of Languedoc. 

Stephane Mauné, with the French research agency CNRS at Lattes, 
says the winery was clearly a big business. A 12-by-50-meter building 
contained 150 huge terra cotta fermentation vessels called “dolia, 
many smaller amphorae for aging wine, and stone support structures 
for winepresses. “It was quite a sophisticated enterprise, with running 
water for cleaning the [jugs],” says Mauné. Dating the establishment 
was easy thanks to a coin from about 20 C.E. found in the area, 
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‘Markings on the wine vessels indicate that a merchant from Puteoli 
(now Pozzuoli, near Naples, owned the winery. Maun says workers 
have found the names of a dozen ceramists among the winery's 
estimated 80 employees. 

Archeologist Jean-Pierre Brun, director of the Jean Bérard 
Center in Naples, italy, says the site reflects the enormous 
growth of commercial wine culture and export during the first 
‘and second century CE. This area “was the 'Far West’ for the Romans,” 
he says, noting that they were lured to Gaul by cheaper production 
costs and land. 
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Science 


AWARDS 
PREDICTIVE POWER. Theoretical physicists 
‘Makoto Kobayashi ofthe Japanese accelerator 
laboratory KEK in Tsukuba and Toshihide 
‘Maskawa of Kyoto University have won the 
European Physical Society’ High Energy and 
Particle Physics Prize for one ofthe more 
inspired guesses inthe history of science. 

1 1973, physicists had only recently 
discovered that protons and neutrons consist 
of particles called up quarks and down quarks 
 Athird such particle, the strange quark, 
was known, and a fourth, the charm quark, 
predicted, But even before the nation of a quark 
was entirely accepted, Kobayashi and Maskawa 
argued thatthe existence of two more of them 
would explain a slight asymmetry between 
8 matter and antimatter called CP violation, 

B which had been observed in 1964. 

2 Physicists eventually identified six types of 
B quarks, and Kobayashi and Maskawa’s theory 
H precisely describes CP violation seen in 

8 accelerator experiments. Kudos to them both, 
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INSIDE GOVERNMENT 


BROADENING OUT. Mark Abbott says a career of exploring the mysteries of ocean life has prepared 
him to run the $745 million Geosciences Directorate atthe National Science Foundation (NSF), “My 
‘experience has always been ecological, looking at interactions of natural systems,” says the profes- 
sor of biological oceanography at Oregon State University (OSU) in Corvallis. Now he'l be helping 
to orchestrate the interactions of an entire scientific community 

Beginning on 1 October, Abbott will be taking on big-science programs involving the solid Earth, 
deep-sea observing networks, and ocean drilling, another step in the continued broadening of his 
‘expertise. His dissertation examined the ecology of Lake Tahoe, but he later tackled satellite obser- 
vation of ocean biology. And he now oversees what he calls “the whole gamut of earth science” as 
the dean of OSU's College of Oceanic and Atmospheric Sciences. He'll also be relinquishing his post 
‘on NSF's oversight body, the National Science Board. 


wewwsciencemag.org 


IN THE HINTERLAND. I 


sciene 


site for a proposed S5 
Engineering Laboratory. 
‘Observers say that Da 


lessly 
Snyder negotiated a deal 
Corporation, for state ow 


“Dave has worked m 
the Lawrence Berk 
Homestake se 
simply 


onnect the 


ry for the project in. 


says Helen Quinn, a theorist at Stanford 
University in Palo Alto, California. “Itwas a 
brilliant step to make, but not a difficult one— 
‘once you asked the right question,” she says. 


MOVERS 
CHANGE AT HARVARD. 
Ending a 9-month 
search, the Harvard 
‘Medical School last , 


week picked a new dean _ 
from within its ranks: = 
‘obesity expert Jeffrey 


Flier. lie, 58, joined 
the Harvard faculty in 
1978 after studying insulin’s role in metabolism 
and disease at the National Institutes of Health 
in Bethesda, Maryland. His recent focus has 
been on how the hormone leptin affects the 
brain, appetite, and obesity. Flier also has been 
involved in efforts to make science a bigger 
part of the undergraduate curriculum. He starts 
his new job on 1 September. 
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How often does a hog farmer turned gover 


‘ment bureaucrat become the toast of a state, all for the greater glory of 
? It happened last week in South Dakota, when the National 
Science Foundation (NSF) chose the Homestake Mine in Lead as the 


00 million Deep Underground Science and 


ave Snyder (left), the 


year-old head of South 


Dakota's Science and Technology Authority, and his staff worked tire 
ter NSF announc 


-ed an open site competition in 2004, Last 
\ith the mine’ previous owner, Barrick Gold 
nership of the site, “It wasa turning point in the 


project When the state appointed him,” says Patrick Garver, executive 
vice president and general counsel for Barrick, The project also ben 
fited from a $70 million donation from phikanthropist T, Denny 


ford, 
niracles.” says Kevin Lesko, a physicist from 
ey National Laboratory, who leads. the 
thathisrole has be 
has a few more to go: The scien 
nd the NSF has to find the 


dots” He 


a future bud 


IN THE COURTS 

SPOTTING INFIDELITY. A Michigan state 
forensic scientist who analyzed DNA samples 
from her husband's underwear after suspecting 
him of cheating on her is in hot water for 
having used government equipment to conduct 
her investigation. 

‘Ann Chamberlain-Gordon found another 
female's DNA in the samples and submitted 
her finding as evidence in a 7 March divorce 
hearing in Ingham. But after her husband's 
lawyer informed authorities about the test, 
the Michigan State Police (MSP), which runs 
the Lansing lab where Chamberlain-Gordon 
works, initiated an investigation into whether 
she had broken department rules. The Lansing 
State Journal quoted her as testifying in a 
25 May hearing that she had done the 
analysis on her own time using chemicals 
that were slated for disposal. 

An MSP spokesperson says the department 
is investigating the matter. 

Got a tp for this page? E-mail people @aaas.org 
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DEPARTMENT OF ENERGY 


Nuclear Weapons Milestone 
Triggers U.S. Policy Debate 


As with high school sweethearts reconnect 
ing at a 25th reunion, U.S. nuclear weapons 
scientists have found that recapturing the 
magic of the past takes the right kind of peo- 
ple, a willingness to adapt, and a large 


capacity for delayed gratification. 

Ina classified ceremony early this month 
at Los Alamos National Laboratory 
(LANL) in New Mexico, Department of 


Energy (DOE) officials celebrated the 
belated completion of the plutonium trigger 
of a nuclear bomb operationally identical to 


‘ones last built 18 years ago. The star of the 


a layered 


ceremony was the so-called pit 
piece of metal the approximate size and 
with a hollow 


y for the 


shape of a Faberge 
that DOE cert 
nuclear stockpile, The oceasion was a mile- 
am and 


core as re: 


stone for the nuclear we: 


pons prog 
paves the way for more ambitious work, 
including building entire weapons from 


scratch without conducting 
nuclear tests, It also opens the 
door for LANL, traditionally a 
research lab, to consider expand- 
ing into manufactur 
Critics of U.S. nuclear policy 
however, say that buildin, 
pits contradicts the country’s 


paps 
[ 


ERS plutonivr 
stated intention to reduce its 
nuclear arsenal, They also 
believe that the $1.4 billion 
spent on the project shows that 
the cost of manufacturin 


weapons parts, in the words of 
{ello of the Los 
Alamos Study Group in Albu- 
querque, New Mexico, could be 
“toxic to science” by diverti 
funds from research. 

In 1989, the government 
found environmental and other 


violations at the nation’s only 
source of building plutonium 
pits, a DOE facility at Rocky 
Flats, Colorado, It was later shut 
down, halting work on a batch of 
pits for the W88, a 475-kiloton 
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submarine-fired warhead. In 1996, the gov- 
ernment asked LANL to build a set of 
ats within 5 years, with on 


replacem 
A 1993 ban on nuclear te 


that th 
their version, 

That restriction stiffened the already- 
imposing technical challenges of matchin 
the Rocky Flats specifications. The rel 


meant 


scientists wouldn't be able to test 


tively small plutonium research facility at 
Los Alamos had the requisite ventilation 
and glove boxes, for example, but its foun 
dation would not support the heavy-duty 


ools used at Rocky 


plutonium formi 
Flats, Instead, w 


kers had to pour molten 
olds and weld 
ieces together. To conform to new envirer 


plutonium into shaped 


mental rules, engineers cut down on the use 
of lubrie 


nts and used new solvents to ¢ 


metal surfaces. 


Even so, in 2001, DOE auditors con: 


Boxed in. Lo 
wotked exte 


Hodevelopa new 
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Atempest over 


a satellite 


eluded that the program was “at risk.” They 
cited delays in half of the roughly 40 nuclear 
manufacturing procedures to be finalized. 
“Everyone underestimated how hard it was 
going to be,” says former DOE official 
Madelyn Creedon, now a Senate aide. 

In response, then-lab director John 
Browne replaced the head of the program 
with co-leaders, one overseeing physics and 
the other, weapons manufacturing and engi- 
neering. In addition, says Richard Mah, a 


former Rocky Flats metallun 


st who led the 
revamped manufacturing effort from 2001 
to 2004, the lab brought in “some old hands 
who had done some of this stuff” By 2003 
researchers had matched the physical speci= 


fications of the Rocky Flats design 
The parallel mai 


nent structure 

helped the lab verify that the new pit would 

work, says Mah, For example, fears that a 

different metallic grain size could hamper 
ce dissolved after v 


ifivation 
which included non-nuclear 
nerical simulations, and 
materials science studies—showed physi- 
cists that the difference wouldnt dk 
performance. It took until this y 
LANL to certify the pit as stockpile 
meeting a goal set in 2001 
Although the Rocky Flats pits had been 
proven to work in underground tests, LANL 
researchers realized they werent perfect. 
Layered metal surrounds theit hollow pluto- 
nium shell, which undergoes fission when 


experiments 
explosions 


crushed by conventional explosives. Studies 
inal pits 
ed “impurities that can affect 
mechanical properties,” says DOE weapons 
official David Crandall. At first, “there was 
anattempt to make plutonium in pits as pure 
as possible.” he says. But weapons scientists 


at Los Alamos found that the ori 


made more credible progress when they 
decided the pits “needed to be as much as 
possible like those [previously] tested, 


including any impurities in plutonium.” 

Crandall says the new WSS pits show 
that the country’s nuclear weapons complex 
can both monitor current bombs and build 
new ones without testing them: “ 
valuable initiation into the processes we'll 
need for RRW [the Reliable Replacement 
Warhead].” The RRW program seeks to 
build new bombs from scratch to replace 
aging warheads (Science. 9 March, p. 1348) 
Planetary geophysicist Ray Jeanloz of the ® 


University of C 
the struggle to make the new pits highlights 
the importance of maintaining a well- 
funded and experienced talent pool that 
can respond quickly to emergencies or 
new developments 

‘Senator Pete Domenici (R-NM), speak~ 
ing at the 2 July celebration, used the mile: 
stone to attack some $600 million in cuts to 


Berkeley, says that 


BIOTECHNOLOGY 


the weapons program by House appropri 
tors in DOE's upcoming 2008 buds 
eral of which would affect planned expa 
sion of plutonium science at Los Alamos. 
The fate of the cuts is uncertain, however, 
iven different versions of the spending bill 
that must be reconciled and a White House 
threat to veto the overall bill 

In the meantime, Mah, who last year 


worked directly forthe new Bechtel-University 
of California tab management partnership, 
‘says that building more pits could become an 
additional business for the lab, His fear is 
that government officials might value manu- 
facturing hly than science, But a 
lab spokesperson says “there's no plan to 
make [manufacturing] the primary role of 
Los Alamos.” ELI KINTISCH 


nore hi 


Singapore Firm Abandons Plans for Stem Cell Therapies 


Ina sign that hopes for quick med- 
ical benefits trom stem cells are 
. ES Cell International 
(ESD)—a company established 
with Fanfare in Singapore 7 years 
ago—is halting work on human 
embryonic stem (HES) cell thera 


Investors lost interest 
because “the likelihood of having 
products in the clinic in the short 
term was vanishingly small,” says 
‘Alan Colman, a stem cell pioneer 
who until last month was ESI’s 
chief executive. 

ESI’s setback may dampen 
investors’ enthusiasm for stem cell 
therapies, says Robert Lanza, viee 
president for R&D at Advanced 
Cell Technology in Worcester, 
Massachusetts: “What the field badh 
‘one or two success stories 

Colman, a member of the team that cloned. 
the sheep Dolly, will become head of the Sin- 
gapore Stem Cell Consortium, which funds 
institutes affiliated with Sing 
icy for Science, Technology and 
Research (A*STAR) andalso offers grants, He 
will also set up a lab at A*STAR’s Institute of 
Molecular and Cell Biology. Most of the 
24 scientists working on hES cell therapies at 
I will continue their research with “more 
secure government funding” at A*STAR's new 
Institute of Medical Biology, Colman says 
AYSTAR announced Colman's move on 9 July 

ESI was set up in 2000 to commercialize 
HES cell findings produced by a collabora- 
tion involving Monash University in Clay- 
ton, Australia; National University ofS 
pore: Hadassah Medical Organization in 
Jerusalem; and the Hubrecht Laboratory in 


vals is 


From bedside to bench. Sagging investor confidence in stem cells has 
prompted Alan Cotman to eave the corporate world for a basic research lab. 


Utrecht, Netherlands, Australian investors 
and an investment arm of 


raised $24 million as of last October. accord- 
ing to the company. ESI hired Colman as 
chief scientist in April 2002; he became 
CEO in 2005, 

The company was attempting to turn hES 
cells into insulin-producing cells to treat dia- 
betes and cardiac muscle cells to counter con- 
gestive heart failure. Both conditions represent 
‘major markets with unmet clinical needs, but 
making well-functioning insulin-producin 
cells “proved really difficult.” Colman says. 
Both envisioned therapies would need at least 
billion cells for each human dose. Producin 
such numbersat the required purity “becomes 
very expensive.” Colman say 


than investors have patience for. 
EST'ssetback need not casta pall onthe field, 
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researchers sty. Alan Trounson, 
Monash University stem cell sci- 
entist who contributed to the 
research ESI was trying to take to 
market, says he is “profoundly 
disappointed” thatthe company is, 
giving up. But he says that ESI 
pursued “a high-risk strategy” in 
focusing narrowly on two poten- 
tial applications. With the field 
still young, Trounson says, “the 
primary aim should be to 
establish a broad platform of 
robust and reliable science that 
n underpin translation to 
clinical applications.” 

Irving Weissman, a stem cell 
researcher at Stanford University 
in Palo Alto, California, agre 
ch is, for the most part, still 
scientific discovery research 

Although ESI is out of the game, at least 
‘nwo companies say they have HES cell thera- 
pies in the pipeline. Geron Corporation in 
Menlo Park, California, expects to start clini- 
cal trials of a therapy for spinal cord injury 
early in 2008, according to spokesperson 
David Schull, And by early next year. 
Advanced Cell Technology hopesto file new 
drug application for a treatment for macular 
degeneration, Lanza says, 

SI. under new leadership, will now focus 
on providing HES cells and derived cells for 
basic research and drug developme: 
Colman says. He admits to a “tinge of dis- 
appointment that the field is moving more 
slowly than I had hoped.” Colman hopes to 
spur the field along with his own research, 
although he declines to discuss details. 
DENNIS NORMILE 
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FISHERIES MANAGEMENT 


Conservationists and Fishers Face Off 
Over Hawaii's Marine Riches 


HANAUMA BAY, HAWAII—The school of big- 
eye jacks was right where Alan Friedlander 
of the National Oceanic and Atmospheric 
Administration's biogeography branch said 
it would be, circling slowly at the mouth of 
Hanauma Bay, a protected area just 15 kilo- 
meters from the skyscrapers of downtown 
Honolulu, There must have been close to 
200 fish, each about 50 centimeters long 
and utterly unafraid as Friedlander, a marine 
biologist, lided through them. 

“You hardly ever see this anymore 

Friedlander said after surfacing. 
re prized by anglers, and such large 
ols have become rare in inhabited parts 
of the archipelago, he says. 

Friedlander knows the bay better than 
most, He published a study in the April issue 
of Ecological Applications showing that 


a 


as was 2.7 times greater than 
the biomass in comparable unprotected 
areas. And in the uninhabited 2000-kilometer- 
Jong Northwestern Haw 
a national monument sin 
6.7 times more fish bios 
in comparable habitats 


aan indication that 
humans have reduced fish stocks in the 


main Hawaiian islands to about 15% of 
what they once were, 

To Friedlander, the message is simple 
‘The main Hawaiian Islands’ reserves, which 
protect only 0.3% of the coastline, are too 
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small. “If you want to rebuild fish stocks, 
‘you need to stop fishing in at least 20% of 
Hawaii's waters and regulate fishing in the 
rest,” Friedlander says. Increasing the pro- 
tected areas, therefore, would result ina 
langer fish eatch, 

The appeal for new conservation areas 
prompted a reaction. In March, the state's 
House of Representatives approved a" 
to-fish” bill that would require the state to 
provide unattainable data, such as stock 
assessments throughout species’ entire 
ranges, before any new protected a 
ated. The bill “would tie up all fishing regu- 
lations, not just marine reserves. in endless 
studies and red tape, making it impossible 
for the state to properly manage the public 
marine assets,” says William Chandle 
director of ocean policy at the Marine Con- 
servation Biology Institute in Bellevue, 
Washington. To his relief, Hawaii's Senate 
significantly modified the bill. But scien- 
tists and state officials expect the fight to 
continue in the next legislativ 
which starts in January. 

Although similar right-to-fish bills have 
been approved in Rhode Island and Mary- 
land, they have not impeded the creation of 
protected areas in those states, says 
Clark Stuart of the Coastal Ocean Co: 
in Atlantic Highlands, New Jersey. Because 
the Hawaii legistation would effectively end 
all fishing restrictions. she says it “is far 


ssion, 


Recipe for recovery, Rebuilding fish stocks will 
requir putting at east a ith of Hanai’s waters under 
protection ike Hanauma Bay, say lan Friedlander. 


more anticonservation than any of th 
bills that were introduced in the U. 

Hawaii's right-to-fish bill got further 
than a conservation bill in the House. In 
2003, Friedlander helped draft legislation 
that would have set aside 20% of state 
waters for conservation. Like other states, 
Hawaii controls the first 3 nautical miles 
(6 kilometers) off its coasts, and the federal 
government controls the rest, up to 200 miles 
(370 kilometers). The Marine Reserve 
Network Act would have made Hawaii the 
leader in marine conservation in the United 
State: Jess than 1% of coastal waters: 
are protected. But the bill drew the ire of 
Hawaii's fishing lobby and was scuttled, 

The loss, conservationists say, is eau 
tionary tale of how science sometimes is no 
match for a powerful bure tied to 
fishing interests. 

As Hawaii's tourism grew, and cost of 
living skyrocketed—the state has the 
nation’s highest average rents—fishing 
became an important supplement for 
poorer residents. The use of gillnets, which 
snare turtles, seals, and nonfood fish in 
cies, is widespread, 
Trolling, shore casting, and spearfishing 
are unregulated, and the state's estimated 
260,000 anglers are not licensed. Only this 
year were restrictions put on gillnets, 
including a ban on their use on Maui Island 
ud overnight elsewhere 
Opponents of the Marine Reserve Net- 
work Act gained momemtum earlier this 
year in a series of meetings designed to 
increase input from native Hawaiian com- 


c other 


whei 


munities. The meetings were organized by 
the Western Pacific Regional Fishery Man- 
agement Council (Wespac), one of eight 
such regional councils that advise the 
U.S. Commerce Department, Wespac’s 
chair is Sean Martin, president of the 
Hawaii Longliners Association, State offi 
cials and environmentalists have long 
accused Wespac of defending narrow fish- 
ing industry interests 

Wespac’s influence is supposed to be 
limited to federal waters, but activists and 
state officials contend that the organization 
lobbied illegally for the right-to-fish bill, 
“Numerous times during the process that 
produced the bill, saw Wespac employi 
openly talking to legislators about 
asserts Keiko Bonk of the Northwest 
Hawaiian Islands Network, which cam- 
paigns for marine conservation, The bill 
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passed the House, but a Senate draft now 
ing action would encourage commu- 
led protection efforts, 

In May, Bonk filed a complaint with the 
Commerce Department’s Inspector 
eral, claiming that Wespac had violated 
statutes that prohibit federal employees, 
from lobbying state legislatures, Bonk 
called for an investigation and congres- 
sional hearings, Wespac denies it engaged 
in lobbying, The ri sh bill “has noth- 
ing to do with us.” says Paul Dalzell, Wes- 
pac’s senior scientist, adding, “AULT know is 
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that it was drafied by fishermen.” 

“The scary thing is thatthe bill could pass 

next year.” says Peter Young, who recently 
completed a term as director of Hawaii's 
Department of Land and Natural Resources, 
‘which manages the state’s waters. 
If it passes,” adds William Aila, an 
active Hawatian fisher and harbormaster, 
“it’s going to further deplete our marine 
resources. That's unacceptable for our 
future generations.” 


CHRISTOPHER PALA 
(Christopher Pata isa writer based in Honolulu 


Did a Megaflood Slice Off Britain? 


Britain asan ungainly peninsula of France? It 
might have been, Atsome time in the geologic 
past, italmost certainly was. But long ago, 
some force somehow lowered. high-standing 
ridge from Dover to France that would be dry 
land today. A group of 
evidence of the culprit: A huge gushing of 
lake water, they suggest, cut down into solid 
rock to form the Dover Strait before rushing 
down the then-dry English Channel, 

The strait-cutting megaflood. if it hap- 
pened, would nothave been the first o the last 
of its kind, The classic example broke out of 
ancient Lake Missoula about 15,000 years 
‘ago to ravage eastern Washing- 
ton stateand create the tortured 
terrain of the Channeled Seab- 
lands, That required a flow of 
10 million to 20 million cubic 
meters of the lake's glacial 
meltwater each second, or 50 to, 
100 times the flow of the 
Amazon River. 

Geologist Sanjeev Gupta of 
College London and 

nt evi- 
dence in this week's issue of 
§ Nature for scablandlike terrain 


at the bottom of the En 
Channel, which melting ice 

é sheets filled with water at the end of the last 
ive age. Using depth-finder data collected for 

B invigationsl charting they mapped the bor 

3 tom in new detail. They found kilometer- 
scale, flat-topped islands in the same distine~ 
tive elongated shapes as the erosional rem- 
nants of the Channeled Scablands. They also 

§ saw broadly sweeping streamlined valley 

8 edges, “braided” channels, ridzes and grooves 
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pointing downstream, and crescentlike 
scours. All these features speak of extreme 
flows, the group says. 

Gupta and his colleagues envision a lake 
hemmed in by glacial ice where the southern 
North Sea is today. The lake's waters could 
have overtopped the Dover ridge a few hun- 
dred thousand years ago, lowering the ridge 
and increasing the flow until 200,000 to | mil- 
Tion cubie meters per second were streaming 
‘over the ridge. The megaflood would have cut 
loose the peninsula during times of high sea 
level like the present, the group suggests. 
Island Britain would have been born. 


{A day's work? The elongated “islands” and streamlined edge of this 
submarine valley on the floor of the English Channel suggest that 2 
huge but brief flood gushed between Britain and France. 


“When you put the association of land- 
forms together. itis very similarto what Victor 
Baker has described in the Scablands.” says 
Gibbard of the University of 
'm persuaded by it.” But Baker, 
‘of Arizona in Tucson, says 


“it's not a smoking gun, but this is a very 


productive idea that deserves more attento 
RICHARD A. KERR 


Spaced Out 


The United Kingdom risks lagging behind in 
space studies if the government does not 
increase space spending, the House of 
Commons science and technology committee 
warns ina report this week. The parliamentar- 
ians suggest setting up the National Space 
Technology Programme to provide seedcorn 
funding, although no total is suggested. 

The U.K. spent just $425 million on space 
during 2005-06, substantially less than its 
European counterparts, The report recommends 
bolstering British strengths such as planetary 
exploration and earth observation while consid 
ering new efforts in human space flight and 
launchers, The committee also cals on the 
European Space Agency to locate one of its 
Facilities in the UX., a topic of ongoing nego 
ations with ESA, says Richard Holdaway of the 
Rutherford Appleton Laboratory in Chilton. 

~DANIEL CLERY 


Biologists Going Down Under... 
Last week, the European Molecular Biology 
Laboratory (EMBL) spread to the antipodes, 
when delegates from the group's 19 member 
nations voted to extend an associate member- 
ship to Australia. The 7-year initial term starts 
next year, when Australia will gin sending 
faculty members and research fellows to EMBL's 
five European basic research laboratories while 
receiving EMBL research support. Sponsors 
include several Australian universities and the 
government, which will spend a combined 
$7.2 million o fund the intial term, "With 
(Australia’s) special expertise, for example, in 
the fields of medical epidemiology and stem 
cell research, it will be an excellent comple- 
‘ment to EMBL’ focus on basic research in 
molecular biology,” says lain Mattaj, EMBL's 
director general. ‘BENJAMIN LESTER 


«+. Heat Rising 


The world can't afford to stall on confronting 
climate change, says a resolution passed last 
‘week by the Intemational Union of Geodesy 
and Geophysics, and scientists shouldn't let it 
The 58-nation scientific umbrella organization, 
‘which includes seven international bodies, 
‘passed the nine-point resolution focusing on 
the inevitable consequences of warming and 
‘urging nations to “promote adaptation.” In 
<aition to pushing for more climate-monitoring 
research funds, the union's members promise 
more “outreach,” which its outgoing president 
Michael MacCracken says includes getting the 
‘word out about impending warming-related 
floods or droughts, =MARISSA CEVALLOS 
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COMPUTER SCIENCE 


Program Proves That Checkers, 
Perfectly Played, Is a No-Win Situation 


Ifo players face offat checkers 
and neither makes a wrong mo 
then the game will inevitably end 
in a draw. That's the result of a 
proof executed by hundreds of 
computers over nearly 2 decades, 
and reported online by Seience this, 
week (wwwsciencemag.org 
egi/contenv/abstract/ 1144079). 
The finding guarantees that 
an appropriately programmed 
machine will never lose to a 
human, It also marks a personal 
victory for Jonathan Schaeffer, 
computer scientist at the Univ 
sity of Alberta in Edmonton, 
Canada 


who set out to “solve’ 
ers in 1989, 

“It's a huge accomplishment; 
Levy, president of the Internatio 
Games Association in London and an expert 
con chess-playing machines. “It’s by far the 
‘most complex game ever solved.” The tools 
and strategies developed for the problem 
night prove useful for analyzing genetic code 
‘or computerized translation, he says, 

The point of checkers, or draughts as the 
‘game i also known, isto get the jump on your 
‘opponent. The game is played on an eight-by- 
ceight grid of red and black squares. The check- 


says David 
al Computer 


U.S. SCIENCE FUNDING 


Hopeless. Unable to beat the computer program, a human will 
‘eventually make a mistake that leads to a win for the machine. 


‘ers are black and red disks that can slide for- 
ward diagonally from black square to black 
square. The players, eall them Bob and Rita, 
start with 12.checkers each in the rows closest 
to their sides of the board, Players move in 
turn, and Bob can capture one of Rita's check- 
ers by hopping over it ito an empty space just 
beyond, and vice versa. Che 
the board become “kings” that can move back- 
ward. The game continues until one player 
captures all ofthe other's picees. 

Schaeffer and his 


Pentagon Is Looking for a Few Good Scientists 


archers at U. 
the nation needs you. 

This fall, the U.S. Department of 
Defense (DOD) will launch s grants pro- 
gram to fund researchers with innovative 
ideas for tackling important security chal- 
lenges. It will be modeled on the National 
Institutes of Health Director's Pioneer 
Awards, which support blue-sky, inter- 
disciplinary research in biomedicine. DOD 
plans to make about 10 awards, each good 
for $3 million over 5 years. Applicants for 
the National Security Science and En; 
neering Faculty Fellowships must be 
USS. citizens, and pre 
to early-career researchers. 

Agency officials hope the program will 
foster research outside the bounds of pre- 
determined research questions. “We do not 
have specific areas in mind; rather, we have 


universities, 
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challenges that cut across several disei- 
plines.” says William Rees, DOD's deputy 
under secretary of defense for laboratories 
and basic science. Although the research 
performed under the program would be 
unclassified, awardees would need a secu- 
rity clearance to be briefed on the ehal- 
lenges they are supposed to address. 

The challenges, not yet chosen, are 
likely to be similar to those identified last 
year by DOD's Quadrennial Defense 
Its list of priorities includes bio 


modeling: tracking of enemy targets: coun- 
tering improvised explosive devices: and 


extracting information about suspicious 
activities and events from large data sets, 
Agency officials plan to invite about 
20 applicants who survive an initial cut to 
make presentations at the Pentagon. The 


re shown that if 


Bob and Rita have perfect foresight, they will 
always reach a stalemate in which neither can 
finish the other off. So checkers resembles 
tick-tack-toe (knownas “noughts and crosses” 
in Britain), the game in which players fill a 
three-by-three grid with X's and O's in hopes 


of getting three in a row. Given that there are 


roughly 500 billion billion possible arrange- 
ments of checkers on the board, proving 
checkers is a guaranteed draw is far harder 
than proving that tick-tack-toe can't be won, 

The researchers began by constructing a 
database of all 39,000 billion arrangements 
‘with 10 or fewer pieces on the board. In the 
process, they determined whether each one 
led to a win for black, a win for red, or a 
draw, They then considered the very begi 
ning of the game, opened with a move by 
black. and then used a specialized search 
algorithm to trace out subsequent moves and 
show that, asthe two players try tomaximize 
their advantage, they inevitably steer the 
game to one of the 10-checker config 
tions that leads to a draw 

Schaeffer credits improvements in com- 
puters for making the result possible, In fact, 
he suspended work from 1997 to 2001 to wait 
for a particular technology—the 64-bit 
processor—tomature, But Murray Campbell, 
a computer scientist at IBM's Thomas J. 
Watson Research Center in Hawthome, New 
York, says that the researchers’ ingenuity was 
y. too. “Without a lot of the clever id 
behind what they did, [think it would have 
been a number of years before technology 
alone could have solved checkers,” says > 


ra 


first class of winners will be announced 
next spring. 

V.S. Subrahmanian, a computer scien- 
tist at the University of Maryland, College 
Park, whose research is partly funded by 
DOD, says allowing researchers to come up 
with proposals in response to agency- 
nated challenges is an “outstanding” 
“We are used to having research 


topics defined top-down by DOD." says 
‘While 


Subrahmanian, who plans to apply. 
that usually works well, researc 
best what their field has to offer.” He 
thinks the fellowships will create a “corps 
of academic researchers dedicated to 
defense and national secur 

Ifthe first round goes well, DOD offi- 
cials hope to eventually support as many as 
researchers, 
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Campbell, who co-wrote the Deep Blue pro- 
gram that defeated chess champion Garry 
Kasparov in 1997. 

Most experts expected that checkers 
would eventually be proved a draw, says Jaap 
van den Herik, a computer scientist at Maas- 
tricht University in the Netherlands. if only 
because grandmaster players routinely play 
each other toa draw, But, he says, “if you have 
not proved the result, then every expectation 
is worth nothing.” 
haeffer says he feels vindicated by the 
In 1994, a programe developedcalled 


proo 
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Chinook played the thes 
champion, Marion Tinsley, to a series of 
draws before Tinsley withdrew because of 
health problems and conceded. Tinsley. who 
is considered the best player ever and who lost 
only three tournament games from 1951 t0 
1991, died of cancer 8 months later. Some 
players scomed Schaeffer, he says, and even 
charged that the stress of the special title 
match had killed Tinsley. Chinook defended 
its crown in two subsequent matches against 
the next-highest-ranked player. “To this day. I 
still get people saying that you would never 
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program today would never lose to Tinsley or 
anyone else, period.” And because humans 


eventually make mistakes, the program 
should inevitably prevail ina series of games 
against any person, even Tinsley, for whom 
Schaefler says he huts “great respect.” 

Van den Herik worries that 
solution will ac 
decline of tournament cl 
Schaeffer is turning his computers to pok 
principle, that game can’t be solved—but it 
canmake you a lotof money, “ADRIAN CHO 


Satellite Kicks Up a Storm Looking Out for Hurricanes 


An 8-year-old NASA weather satellite sits 
improbably at the center of the latest scien- 
tific storm raging in Washington, D.C. 

In the last 2 weeks, two congressional 
panels have held hearings on events sur- 
rounding the ouster of Wi 
director of the National Hurricane Center 
(NHC) on 9 July. Proenza had repeatedly 
criticized his employer, the National 
Oceanic and Atmospheric Administration 
(NOAA), for failing to plan for the impend- 
ing failure of QuikSCAT, a satel- 
lite launched in 1999 and 3 years 
its design life. Proenza, a 
ar NOAA forecaster who 
became NHC head in January, 
says loss of the craft's sensors 
could degrade 3-day hurrie 
track forecasts by 16° 
press that analyze 
casts for six 2003 storms, Seien= 
niliar with QuikSCAT’s 

capabilities say Proenza was 
both “right and wrong” in his 
acerbic charges. 
To predict coming hurri- 
canes, forecasters rely most 
3 heavily on radar or visual cloud 


data from satellites, typically 
NOAA’ Geostationary Opera 
Environmental Satellite. 


H on is bolstered by a 
g network of buoys, hurricane: 
8 


hunting planes, and coastal radar units to 
help modelers make computer simulations 
of developing storms, QuikSCAT added to 
that ensemble by bouncing microwave sig- 
nals off ocean waters over a 1800-kilometer 
swath, reporting surface wind speeds by 
analyzing the reflections. By following a 
polar orbit, QuikSCAT covers 90% of the 
‘oceans, in many areas twice a day. 


www.sciencemag.or 


NOAA researchers have lauded its data, 
which is particularly useful for detecting 
tropical Atlantic storms early and prov 
ing vital coverage over colder waters, 
including the Pacific. A Hawaii-based 
USS. Navy official said last year it pls 
“critical role” in Pacific forecasting. NHC 
forecasters most treasure the craft's ability 
to see developing tropical depressions long 
before they're otherwise detected. Last 
year. NOAA forecaster Hugh Cobb called 


we 


direction (inset). 


QuikSCAT. now operating on its backup 
transmitter. “our bread and butter: 

But forecasters don’t live on bread 
alone. Last week, at a Senate hearing in 
which NOAA officials were lambasted for 
not preparing adequately for QuikSC 
demise, NOAA satellite branch chief Mary 
Ellen Kicza tried to poke holes in Proenza’s 
arguments. The satellite's sensors don’t 


It's a breeze. NASA's QuikSCAT 
satellite measures global ocean 
surface winds, including speed and 


quantify hurricane wind speeds greater 
than 103 km, can’t see well through rain, 
and its polar orbit means QuikSCAT “may 
not be at the right place at the right time,” 
she said. E wy satel- 
lites provide dat 
QuikSCAT but could plug holes if the 
NASA craft fails, she said, adding that 
NOAAS other tools pick up storms once they 
seem headed for a landfall. "We are not 
blind” if QuikSCAT dies, Kieza asserted. 

Meteorologist and respected 
weather blogger Jeff Masters 
rees, noting that the unpublished 
study Proenza cited involved only. 
cone of roughly seven active 
casting models. Folding in all the 
simulations, plus the rest of the 
data sources, creates a “global 
system” of which QuikSCAT is 
but one element, says hurricane 
expert Greg Holland of the 
National Center for Atmospheric 
Research in Boulder, Color 
So Proenza “was right and wrong.” 
Holland explains, 

A joint NASA-NOAA study, 
ddue next year, will spell out the 
next options. But lawmakers 
want to push NOAA along. In 
May, Representative Ron Klei 
(D-FL)andco-sponsors proposed 
a bill to authorize $375 million 
to build a QuikSCAT replacement, 
“The loss of this data—whether minute or 
significant—could cause dire conse- 
quences’ told the committee, Those 
funds, however, have not been included 
appropriations bills moving through Con- 
gress that otherwise provide generous 
increases to NOAA'S 2008 budget. 
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Welcome to 
Ethiopia's 
Fly Factory 


One of the poorest countries in the world 
has an ambitious plan to eliminate the tsetse fly. 


But some scientists say it's a waste of money 


KALITI, ETHIOPIA—Noisy, multicolored 
trucks lumber along the busy main road in 
this far suburb of Addis Abeba, belehii 
clouds of smoke and honking at the 
pedestrians that crowd the road. A muddy 
bumpy side road leads 
shacks to an industrial area that’s home to 
a factory for pots and pans. Then a 
slides open, and a brand-new gray build- 
ing the size of a soccer field emerges, sur- 


ast a row of 


rounded by a sea of smooth asphalt. It’s 
almost too clean and organized for its 
chaotic surroundings, 

Ina matter of months, the vast building 
will be buzzing with activity—titerally. 
Here, Ethiopia is developing a sophisticated 
Weapon against an age-old scourge: the 


tsetse fly, which transmits a parasitic live- 
stock disease called nagana that has long 
crippled the country’s rural economy, 


The scheme sounds simple. Produce as 


many as a million male flies a week. make 


sure they out- 
number wild males 10 to 1. Hapless females 
will mate with the lab critters, but their ren- 
dezvous will produce no offspring. Repeat 
the procedure several times. and the tsetse 
population will die out 
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It’s an elegant and environmentally 
friendly method: birth control for insects, 
some call it, The sterile insect technique 
(SIT). as it’ officially known, has. long and 
solid track record (see sidebar, p. 312). Over 


the course of 50 years, it helped sweep the 
serewworm fly. which feedson open wounds 
in livestock, from half the Western Hem 
sphere, and it’s being used to protect every- 
thing from Chilean apples to Dutch onions 
to Japanese melons from voracious pests 
Perhaps more important, it helped wipe 
out the entire tsetse fly population on 
Zanzibar's main island in the 1990s, a proj- 
ect hailed asan important proof of principle. 
Now, Ethiopia hopes it can become a mode! 
itself by showing that the same is possible on 
the African mainland. More than 35 coun- 
tries have tsetse, and in many. they transmit 
not just nagana but also sleeping sickness, a 
human disease. 
. the Ethiopian project is at the 
center of a divisive, often caustic, debate 
among entomologists. Critics believe that 
fora variety of reasons—such as the fact that 
there are five tsetse species in Ethiopia 
likely to fail. And besides. it's not a sustain- 
able solution, they say, because fies may r 
infest the country. The mone: 
government spent $12 million 


‘would have been much better spent 
‘on cheaper and simpler ways to fight tsetse. 
suchas insecticide spraying, says Glyn Vale, a 
former head of tsetse research in Zimbabwe. 
4 poor country waste so much 


tos 
money.” Vale adds 

Veterinary entomologist lan Maudlin of 
the University of Edinburgh, UK., calls SIT 
Ethiopia's “man-on-the-moon project.” 

These critics blast the International 
Atomic Energy Agency (IAEA), which is 
supporting the project, for seducing 
Ethiopia into trying sterile insects—and 
they’re even more dismayed that other 
African countries are following suit, Best 
known for its wrangling with aspiring nuclear 
powers, the U.N. agency, headquartered in 
Vienna, Austria, also promotes the peaceful 
use of atomic energy, including the ereation 
of sterile insects, and its lab in Seibersdorf, 
outside Vienna, is the world’s premier SIT 
research center. 


Green Desert 
Opinions differ about the solution but not 
about the problem, Almost a quarter-million 
square kilometers of mostly fertile valley 
Jand in westem and southwestern Ethiopia is 
infested with tsetse flies. Nagana, caused by 


unicellular parasite of the Trypanosoma 
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Fly belt. An area of 
about 10 milion square 
‘ilometers—including 
‘one-fifth of Ethiopia—is. 
home to dozens of species 
of tetse fies. 


genus, makes keeping livestock 
difficult. That means fewer ani- 
mals to plow the land, less 
milk, and less manure—in 
short, poverty large swath 
of Africa has the same problem. 
ood and Agriculture Organiza~ 
issed farming revenues 
across Africa at about 


The UNS 
tion puts the bill for 
inthis "Green Desert 
4.5 billion annually 

Then there’s the human cost: Sleeping 


sickness, or human trypanosomiasis, 
believed to infect some 50,000 to 70,000 peo- 


ple a year, although hard data are not avail- 
able, No vaccine exists, and drugs—most 
more than 50 years old—are toxic and 


decreasingly effective. Melarsoprol, an 
arsenic-based drug, kills between 3% and 
10% of patients 

For colonial powers, tsetse posed a formi- 
dable barrier to the development of their 


deal with the problem. They did have some 
early successes, Most famously, the Portuguese 
rid the small West African iskand of Prine 
tsetse in 1905, largely by equipping plantation 
‘workers with sticky backpacks. 

Colonial concerns also inspired one of 
the earliest but le of SIT. 
In the 1940s, in what was then Tanganyika 
and is now Tanzania, British entomolo- 
gist FL. Vanderplank discovered that 
crossing two different species of tsetse 
flies resulted in hybrids with very low 
tility. This gave him the idea fora trial in 
which the pupae of one tsetse species were 
collected and transported by train to an 
area occupied by another species, in hope 
of creating sterile offspring. Vanderplank 
never published the results, but before his 


| 
i 
2 
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death he gave the raw data to entomolo- 
gist Chris Curtis of the London School of 
Hygiene and Tropical Medicine. who 
published them in a 2005 book. The trial 
Was a success. 

But SIT didn’t really take off until after 
the successful U.S, fight in the 1950s against 
the serewworm, which was subsequently 
rolled back all the way down to Panama, As 
it turned out, it wasn’t hybridization but 
radiation that proved the most effective way 
to create sterile insects. 

0 far, the majority of SIT programs 
have addressed agricultural pests in richer 
countries. The projects can cost tens of 
lions of dollars, but those costs are often 
quickly recovered. The screwworm eradi- 
cation, for instance, saves US. livestock 


Source of pride. Project coordinator Temesgen 
‘Alemu (right) and insect faciity manager Solomon 
‘Mekonnen—posing with a gamma ray source used 
to sterilize flies—hope Ethiopia's tsetse fight wil 
serve as an example for Altica. 
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producers $900 million a year, according to 
the U.S. Department of Agriculture. 

Yet by the 1970s, IAEA had also set its 
sights on tsetse. The Seibersdorf lab refined 
the technology of rearing tsetse flie 
‘Whereas at first they were fed on live rabbi 
and guinea pigs, cow blood is used today. 

In the mid-1980s, the agency and the 
Tanzanian government picked Unguja, the 
main istand of Zanzibar, for a test site. It 
took almost 10 years to build a fly-rearing 
facility and train local staff, says Andrew 
Parker, a tsetse expert at IAEA, After the 
flies had first been attacked using insecti- 
cides, planes started delivering weekly 
loads of male flies across the island in 
August 1994, By 1997, Zanzibar was 
declared tsetse-free, at an estimated total 
cost of $5.7 million, It still is today. 

The example piqued the interest of the 
Ethiopian government, says Temesgen 
Alemu of the Southern Tsetse Eradication 
Project, a program of the 
and Technology Organization that IAE. 
supports with seientifie expe 
cal advice. And 10 years later, thanks in part 
tw funding from the UN., the African Dev 
‘opment Bank, and the government of Japan, 
things are well under way, Workers are but 
unloading new racks and installing an auto- 
mated feeding system in sparkling 
rearing halls. An old building on the same 
grounds now houses a colony of about 
100,000 breeding females that produce a 
‘weekly harvest of 10,000 males, In the new 
building, those numbers should go up by a 
factor of 70 to 100, Alemu explains, 

The project involves much more than 
SIT, Alemu says. Conventional techniqui 
such as traps and so-called targets—blue or 
black sheets sprayed with insecticide and 
baited with cow urine of artificial attrae- 
tants—are currently used to drive down the 
population to less than $% of its origin 
level. SIT’s role will be to finish it of 
Alemu says, because sexual attraction can 
do what insecticides can’t: reach and kill 
even the very last fly. The 25,000-kn¥ valley 
that has been selected as a first target is pro- 
tected by mountains, reducing chances of 
reinfestation. It has only one species, 
Glossina paltidipes, which is what the 
tory is churning out at the moment. 

Later, it will have to start producing the 
country’s four other Glossina species as wel 
because the goal isto rid all of Ethiopi 
which is right on the northeastern edge of 
Africa's tsetse belt—of the flies. To prevent 
them from coming back, neighboring coun- 
tries will have to adopt aggressive control 
programs as well, Alemu says. 
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Proven Technology May Get a Makeover 


‘The sterile insect technique (SIT) being tested in Ethiopia relies on two 
‘of the most formidable forces in the world: atomic energy and sex. 
Gamma radiation helps make male insects sterile, and sexual attrac: 
tion ensures that released en masse, they will find females even in the 
most remote hideouts. 

Although its use in tsetse and malaria control is highly controver: 
sial, SIT has allowed several triumphs in insect control over the past 
50 years, and its range of applications is expanding even today. Stil, 
some believe the future may be a new, genetic version of SiT—one that 
keeps the sex but eliminates the radiation, One advantage is that it 
does not require the use of gamma ray sources, which terrorists could 
Use to make dirty bombs, 

Scientists knew as early as the 1920s that x-rays and ionizing radi 
ation produce dominant lethal mutations in male insects that effec 
tively make them sterile, The idea to use sterility to control populations 
was developed independently jn the 1930s and 1940s in the British 
colony of Tanganyika, the Soviet Union, and the United States. 

In the 1950s, U.S. pioneers Edward Knipling and Raymond Bushland 
put the idea in practice to fight the screwworm fly, a major pest whose 


High costs, uncertain outcome 
The critics barely know where to begin. 
that ean drive down a popu 
lation by 95% oF 99% can also get rid of the 
remaining flies, says Stephen Torr of the 
University of Greenwich in the U.K. “There's 
nothing magical about that level,” he says, 
‘and past experience proves it 

Tsetse were wiped out of an 11,500-km? 
area in the western province of Zambia using 
odor-baited targets; Botswana got rid of 


in 2 years by 


at itto drop dead” 


Africa, critics 


Will it fly? A worker in the mass-rearing facility outside Addis Abeba looks at a cage of tsetse flies. 
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tsetse flies in the 16,000-km? Okavango Delta 
crial spraying of very low 
amounts of insecticides, to whi 
extremely sensitive. (“They only have to look 
inbungh’s Maudlin says.) 

And there are many other reasons why SIT 
cannot work and is the wrong thing to try in 
1. Approximately 10 millio 
kn? are infested. and there are 29 species and 
subspecies, of which 9 
ant from an economic or public health stand- 


larvae feed on the flesh of livestock and other animals, After a successful 
{est run on the island of Curacao, they took on Florida, and later, all of 
the U.S. states where the scremworm reigned. After victory was declared 
in 1966, the battle moved south, where through international coopera 
tion, the fies were rolled back all the way through Mexico and Central 
America. Last year, a new screwworm-rearing plant was opened in 
Panama that produces 150 million flies weekly to guard the current fron 
tier, close to the Colombian border. 

SIT is also widely used to prevent or suppress infestations of the 
Mediterranean fruit fly. A global pest, Medfly isa threat to everything 
from apples to tomatoes and pomegranates; being “Med!ly-free” 
brings countries important trade benefits. Medfly factories have 
sprung up around the world. The largest, in Guatemala, produces more 
than 125 billion flies a year for several countries; huge numbers are 
dropped every week over the port cities of Los Angeles, Tampa, and 
Miami to prevent stowaways from causing outbreaks. 

Two months ago, a new Medfly-rearing plant was opened in 
the Spanish province of Valencia, a major citrus-exporting region. 
Meanwhile, a SIT program also helped eliminate the meton fly from 
islands in southern Japan between 1972 and 1993; and in the Nether: 
lands, a company called The Green Fly sells environmentally conscious 


point, Extrapolating from the experience in 
Zanzibar's 1600 square kilometers, infested 
bby just one species, it would take 3500 cen- 
turies and $67 billion to do the same in all of 
Africa, David Molyneux of the Liverpool 
School of Tropical Medicine sneered in a 
2001 commentary. What's more, experience 
shows that as a result of political instability, 
poor infrastructure, and bad governance, such 
complex operations aren’t sustainable in 
Affica, says Maui, 

Finally, some say, the investments needed 
are too high given the uncertain outcome, 
IAEA doesn’t fund SIT projects; however, it 
provides technical assistance, with countries 
picking up most of the tab, “Can you ask 
Ethiopia to spend $12 million on a factory 
if you're not even sure the technique will 
work on mainland Africa?” asks Bart 
Knols, a former [AEA staffer who's now at 
Wageningen University in the Netherlands, 
“To me, that's an ethical question.” (The 
total cost is unknown but will be much 
higher than $12 million, because the proj- 
ect is expected to take decades.) 

Zimbabwe's Vale says that IAEA, in its 
zeal to promote nuclear technology. has lost 
sight of all these problems, 

Non: 
Ethiopian e 
fathers of the country’s 
didn’t sell the country on anything, 
was Ethiopian scientists who saw SIT 
potential and convinced the government to 
invest init, And the expense is well worth itif 
it can bring about a permanent reduction in 
poverty. Mebrate deplores the fact that the 


tsetse are 


ast seven at 


impor- 


.” answers Assefa Mebrate, an 
ologist and one of the founding 


IAEA, 


ncemag.org 


vocal opposition, which he deseribes as a 
“cult,” has made donors shy of funding 
SIT in Afri 

The head of [AEA’s Insect Pest Control 
Section, Jorge Hendrichs, declined to be 
interviewed about tsetse and urged Science 
to instead write about SIT’s suceess in the 
ht against the codling moth, a pest of 
pome fruit and walnut trees. But he did send 
a nine-page response to a list of e-mailed 
questions, “The IAEA is pushing nothing 
but responds to demands from its member 
tes," Hendrichs wrote. “This is an 
Ethiopian project under the COMPLETE 
control of the Ethiopians.” Ita 
think that conventional techniques can 
always kill off population, he wrote, and 
IAEA believes in a role for SIT where they 
can't, “It is morally detestable.” he added, 0 
claim that Africans should learn to live with 
the ... problem because they are not capable 
of making projects sustainable 


Pie in the sky? 
The debate has also engulfed Africa's 
larger project, the Pan African Tsetse and 
Trypanosomiasis Eradication Campaign 
(PATTEC), Called into life by African lead- 
ers at a meeting in Togo in 2000, PATTEC 
advocates SIT as one tool in the continent- 
wide battle. Indeed, SIT is part of tsetse 
programs coordinated by PATTEC in 
Tanzania—which still has the fly factory 
from the Zanzibar campaign—and in 
Uganda and in Kenya, both of whom plan to 
build one. But even Mebrate, who firmly 
believes in the Ethiopian project, has doubts 
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Fruitful fight. Factories around 
the world produce billions of 
sterile Mediterranean fruit fies 
every week to protect the global 
fruit industry. 


onion farmers sterile mate 
onion flies. 

But lately, the spread of 
gamma ray sources such as 
cobalt-60 and cesium-130 to 
politically volatite countries 
has sparked concern, That's 
one reason the SIT lab at the 
International Atomic Energy Agency (IAEA) near Vienna, Austria, is now 
experimenting with x-rays a5 a way to sterilize males. 

‘Anew method called “Release of Insects Carrying a Dominant 
Lethal” (RIDL) may provide another solution. Developed by Oxford Uni 
versity entomologist Luke Alphey and colleagues (Science, 31 March 
2000, p. 2474), the technique doesn't actually sterilize released males 
but instead equips them with a gene that is lethal when expressed in 
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females. As a result, they can only have male offspring, which in turn 
an only produce males, and so on. Models show that this can wipe out 
2 population just as quickly as SIT, Alphey says. 

The technology, now in development at a company called Oxitech in 
Oxford, U.K., has already been used to create RIDL Medfflies, Mexican 


{uit flies, and Aedes aegypti mosquitoes, which transmit the dengue 


that Tanzania and Uganda can succeed with 
SIT, because they ing areas that a 
surrounded by infested areas and are thus 
much more prone to reinvasion, 

PATTEC head John Kabayo, a Ugandan 
biochemist who spent 
atthe IAEA lab, says, 
this issue wi 


People like to debate 
"He 
tries to avoid it, he says, because it’s diverting 
attention from the real work. Insecticide 
spraying and targets will remain PATTEC's 
main tools. Kabayo says. and SIT is “a 
backup option” 


I the cows come hom 


Blood bank. To feed tsetse flies, cow blood, 
provided for free by a local slaughterhous 
sterilized, frazen, and stored in a freezer. 


virus. Entomologist Paul Reiter, who's currently testing the behavior 
and fitness of Alphey's Aedes mosquitoes at his Pasteur Institute lab in 
Paris, calls RIDL “very promising.” Many other entomologists are now 
using genetic tricks to make mosquitoes unable to transmit disease 
that could “replace” natural populations (Science, 30 March, p. 1777), 
but Reiter believes wiping out populations, as RIDL does, is more likely 
to work. However, RIDL comes with some of the same problems (see 
‘main text) as classical SIT. 

For the IAEA insect lab, a driving force behind many of the break- 
throughs, radiation-free techniques would spell the end of its raison 
 étre: promoting peaceful cooperation in nuclear technology. But Jorge 
Hendrichs, who heads the section, is not worrying yet, because RIDL still 
has to prove its mettle. “The proponents of these molecular approaches 
‘underestimate the step from a small-scale lab experiment to an opera 
tional program,” he wiote in an e-mail to Science. 


Meanwhile, a similar controversy is sim- 
mering over SIT’s usefulness in combating 
malaria, With IAEA support, Sudan has just 
embarked on a project to fight the Anopheles 
arabiensis mosquito from the Nile valley in 
its Northern State; construction of a spe 
mosquito factory is planned for Khartoum. 
Knols, who works as a consultant on the 
project, says that at IAEA, he repeatedly 
questioned whether Sudan, too poor to buy 
malaria drugs and bed nets, should pay for a 
SIT feasibility study. Given the lack of qual- 
ified staff, logistical nightmares, and the 
strained tensions with the Sudanese govern- 


‘ment as.a result of the Darfur erisis, the coun- 
try “probably wasn’t the best place” to study 
the approach either, he adds, 


Paul Reiter of the Pasteur In; 
Paris calls the idea to tackle mal 
with SIT 

In Kaliti, the debate does not seem to 
sm managing the fly factory too 
“re mainly eager to get on with 
the project. Just recently. they have started 
releasing small numbers of sterile males in 
ct area, a day's drive from Kaliti 
are testing whether the sterile male 
can Survive in nature and are still attractive to 
wild females—neither of which is guaran- 
teed after 50 generations of lab life. 

The first results are very promising, says 
Alemu, who is convinced that the project 
which he hopes will become a source of 
national pride—will eventually bear fruit." 
are very confident that we can do it, and we 
must succeed.” he says. “Ethiopia cannot live 
with the tsetse fly” “MARTIN ENSERINK 


ite in 
ain Africa 
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ing at 


eit Roots of 


Killer Dust Storms | 


\as st ASA’ fh Storms are growing in number and terocity.\A simple ex 


Wean village} 


BAYINHUSHU, CHINA—When Nasen Wuritt 
\was a boy in this village in Inner Mongolia, 
“the grass wrew stall as an adult." he says. In 
the 1960s, cows grazed year-round and never 
went hungry, After Nasen Wuritu reached 
adulthood, however, throngs of livestock had 
denuded the land, forcing him and other 
herders to spend precious eash on animal 
feed. Hand in hand with this crisis wasarising 
frequency and intensity of dust storms, “ 
ple couldn't go outside, and we had to light 
candles in the middle of the afternoon, 
Nasen Wart, now 50. 

In Bayinhushu, those hard times have 
passed. On a day here, lush hills 
roll toward the horizon and the air is clear 
despite a steady wind. After a S-year effort, 
the people of Bayinhushu—with help from 
officials and an army of ecologists, botanists, 
and economists—have restored the pastures 
And dust storms here have abated, 

Bayinhushu is a rare bright spot in a bleak 
landscape. In the arid grasslands of northern 
China and Mongolia. overgrazing. over 
cultivating, and squandering of scarce water 
resouitees have ereated a massive dust bow! 
where winds sweep topsoil away. Dust 
storms regularly blight eastem China, Kor 
and Japan, closing schools, damaging 
engines, and triggering respiratory ailments 
as far awaty as California. A particularly nasty 
storm in May 1993 resulted in 85 deaths, the 
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mn of more than 4400 houses and 
2.3 million hectares of crops, according to 
the Chinese Academy of Forestry Sciences 
The economic toll in China alone is approxi- 
mately $650 million a year, says Wang Tao, a 
physic: 
project to combat desertification. 

Things are likely to get worse before they 
get better. Wang. who is based at the Cold and 
Arid Regions Environmental and E 
ing Research Institute of the Chinese Acad- 


Taking root. Jiang Gaoming shows how dense grass 
«o0ts hold sol in place. 
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off destructive land practices suggests a way to tame thelyellow blizzard 


emy of Sciences (CAS) in Lanzhou, estimates 
that northern China’s arid grasslands are 
being degraded at a rate of 3600 square kilo- 
‘meters—an area bigger than the U.S, state of 
Rhode Island—every year. Wang predicts 
that as a result, dust storms, which have 
ed in number nearly sixfold over the 
past 20 years, will become more frequent, 
‘more intense, and more deadly 

If the lessons of Bayinhushu ean be 
applied across the vast steppes once ruled by 
Genghis Khan, dust storms should diminish 
But there are challenges to implementing sus- 
tainable land practices in China's northern 
provinces. 
dust storms. Economically, itis difficu 
B 
plat 
in Beijing. Solutions must be tail 


incres 


“Ecologically, itis easy to control 


ays 
inhushu project leader Jiang Gaoming. a 
ecologist at the CAS Institute of Botany 
red to th 
needs of local residents and ecological con- 
ditions in each region. Complicating the pic~ 
ture, top Chinese officials still hew to dis- 
credited policies that aim to subdue dust 
storms by conquering the deserts, “We have 
alot of convincing to do.” Jiang says. 


The perfect dust storm 
The basic anatomy of East A: 
is fairly well established, For starters, the 


a's dust storms 


common term “sand storms” is a misnomer 
Sand particles are too heavy to get lifted high 
into the atmosphere. Thus, little of the dust 
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A green revolution. Restricting grazing 
(inset) allowed this pasture in Inner Mongolia to 
recover naturally. 


that blights East Asia comes from deserts, 
where erosion over the millennia has carried 
anvay most of the smaller particles. Studies 
indicate that the dust originates in dry 
and arid lands on desert fringes. In 
‘crust forms on undisturbed 
iving some resistance to wind erosion. 
But in springtime, that crust is broken up by 
plowing and livestock, which also strip the 
Jand of new growth and pound soil into dust. 

Meanwhile, the temperature difference 
between a chilly atmosphere and a surface 
warmed by intensifying spring sunlight cre 
ates updrafts that lift dust into the air. As air 
streams south and east from Siberia, the 
winds bump up against the moun- 
tain ranges that ring northern 
China and Mongolia, forming 
low-pressure pockets that suck 
airborne dust into the upper 
atmosphere, Easterly winds 
sweep the particulate matter to 
Beijing, Seoul, Tokyo, and some- 
times across the Pacific Ocean to 
North Americ: 

There are good years and bad 
years. Heavy snows add mois- 
ture to the soil, dampening dust 
in early spring. Conversely, with- 
out snow cover, soil dries out 
during winter and is more prone 
to wind erosion, 

This dynamic has persisted for 
centuries, as have dust storms, But 
the storms have been worsening. 
Seoul. which bears the brunt of 

vast As dust storms, suffered 
“dust events” on 23 days during the 1970s, 
1980s, 70 days inthe 1990s. and 
this decade, according to the 
1 Administration. 


96 days so 
Korea Meteorologi 

The primary reason for this onslaught, 
‘most scientists believe, is degradation of frig- 
i ile ecosystems, The population of Xilingol 


League, the district that includes Bayinhushu, 
increased from about 200,000 in the late 
8 1940s w more than 950,000 in 2000, Jiang 
says. Over that period herds of grazing ani- 
8 mals skyrocketed from around I million head 
to more than 24 million, while the grazing 
area shrank from 5 hectares per animal to 
about one-tenth of a hectare, 
i ‘Staggering growth such as this occurred 
: 


all across northern China. The national zov- 
§ ernment encouraged nomadic herders to 
Jp seisinyitnges and malo bards to boon 

incomes, says Jiang. Livestock ereated an 
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ever-widening ring of denuded land around 
settlements. The government also encour- 
aged Han Chinese farmers to migrate to 
northern regions to “tame the deserts” with 
artificial oases and irrigation. The migrants 
cleared land for farms and cut brush for 
fuel. Irrigation gradually dried up many 
lakes and rivers. The result, Jiang says, is 
that 90% of China’s grasslands, an area 
encompassing 4 million square kilometers, 
are degraded. 

Authorities have long recognized the 
problem, but attempted fixes have been 
tile if not counterproductive. Since 1978, 
China has spent at least SI billion planting 
trees in arid and semiarid regions to combat 
desertification, says Luo Yigi, an ecologist 
at the University of Oklahoma in Norman, 
who with coll the Cold and Arid 


Don your masks! Beijing gets battered by dustin this 28 April 2005 image 
‘captured by NASA's Terra satelite. 


Regions Institute has studied such 
afforestation efforts. 

Afforestation is misguided, Luo asserts. 
“People proposed the idea without consider- 
ing ecological principles.” he says. “They set 
‘out 10 create forests in regions where forests 
naturally do not grow due to limited precipi- 
tation." Thetree of choice has been the poplar. 
If watered, poplars grow rapidly, but without 
intensive care, they die. Sticks protruding 
from barren earth—dead poplar saplings 
line roads in Inner Mongolia. Where poplar 
groves become established, Luo says, the 
deeply rooted trees hemorrhage water 
through transpiration, lowering the water 
table and making it harder for native grasses 
and shrubs to survive. 

China's tree-planting campaign has suc~ 
cessfully reforested areas with ample rain, 
says Luo. But planting poplars in arid 
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regions, he says, “does not help combat 
desertification.” The government continues 
to pour money into afforestation, regardless 
of water resources, through a bureaucracy 
whose mission isto plant trees, f 

the Chinese government . 
evaluate long-term polici 


Sustainable living 

In 2000, CAS applied a scientific approach 
to dust storms by funding five grasslan 
restoration pilot projects, including Jiang 
Jiang headed for Zhenglan County, a sub- 
division of Xilingol League, party because the 
Institute of Botany hasa research station there 
that had documented the loss of 12 centimeters 
of topsoil to wind erosion in the past 24 years, 
Another reason: Beijing isonly I80kilometers 
south, “Ifthe land] is degraded here, the dust 
will affect Beijing.” Jiang says, 

Realizing that the key to solv 
ing the dust problem is involving 
the people who live on the land—a 
their 
erty and their level of edu: 
tion—he invited onto his team 
social scientists and economists as 
\well as ecologists and animal hus- 
bandry specialists, The goal was to 
improve the lives of villagers while 
reducing environmental degrad- 
tion, At the start of the 5-year, 
$600,000 project, Bayinhushu 
consisted of 72 households with 
316 people and 11,560 head of 
livestock—75% sheep and goats, 
the rest cattle, The village manages 
7330 hectares of land, much of it 
‘communal pasture, 

Jiang’s team caleulated that vil- 
lagers could boost incomes if they 
reduced sheep and goat numbers and intro- 
duced an improved breed of dairy cattle, while 
curtailing open grazing. twas not easy to con- 
vince them, however. Mongols consider the 
size of the herd a measure of wealth. To help 
‘overcome doubts, local authorities chipped in 
additional incentives: They dug wells and 
extended the power grid to Bayinhushu to run 
pumps and electrify houses. The county also 
improved the dirt track connecting the village 
toa paved road. 

The villagers agreed to ban grazing on 
2670 hectares of communal rangeland to 
allow vegetation to recover. Harvesting hay 
from this land in autumn provided enough for- 
age fora smaller number of livestock during a 
typical winter, eliminating the expense of 
commercial feed. To tide the villagers over 
while the land recovered, Jiang’s team planted 
com on several dozen hectares. 
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Jiang team made some mistakes along 
the way. More than half of the initial budget 
went to aerial grass seeding and planting 
trees to form windbreaks. Both proved “a 
‘waste of money.” Jiang says. The trees died, 
and sown plots fared no better than those left 
to recover naturally. 

By and large, however, the simple plan 
worked, The villagers grew enough corn to 
feed animals without grazing in the common 
pasture, Herds were reduced to $783 head, a 
litle over half of which were sheep and goats. 
Milk production doubled per head. By the 
end ofthe third summer, the grass had recov- 
ered to provide more than enough hay for the 
Village's needs. 

Five years later, Siang says, the land looks 
much as it probably did a century ago. 
Annual incomes have increased 46%, fom 
$315 to $460 per capita, In Nasen Wuritw’ 
living room, a framed ceramic relief of 
Genghis Khan hangs on the wall. A lai 
sereen TV and a satellite dish in the front 
yard pipe in previously unimagined enter- 
tainment, “We used to joke that there was 
nothing for Mongols to do at night but sleep 
and make babies.” Nasen Wuritu says. And 
the dust storms, which used to drive people 
indoors once or twice a month, are now 
occasional nuisane 

Bayinhushu is a “good example” of 
grassland restoration, Wang says. In an 
encouraging sign, herders in nearby vil- 
lages are restricting grazing on communal 
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pastures, Still, the Bayinhushu experience 
may not be easy to replicate in places with 
less favorable ecological conditions. 
Jiang notes that Bayinhushu had suffi- 
cient topsoil replete with seeds, and 
groundwater levels had not been affected 
by excessive irrigation. 

Severe degradation may require 
“human facilitation of the restoration 
process,” says Lu Qi,a desertification sp. 
ciafist atthe Institute of Forestry in Beijing. 
After studying restoration projects on the 
Tibetan Plateau, where extreme degrada- 
tion has created shifting sand dunes, Lu 
found that a hands-off approach led to a 
slow and spotty revegetation and little sta- 
bilization of the dunes. In contrast. erecting 
sand barriers and planting soil-stabilizing 
shrubs promoted the healthy recovery of 
native plants. Because shifting dunes 
smother new vegetation before it can take 
root, Lu argues that active intervention is 
needed to reverse desertification. 

The toughest task may be to undo the 
harm wrought by artificially expanding 
oases, like one at Mingin, between the 
Tengger Desert and the Badain Jaran 
Desert in Gansu Province, west of Inner 
Mongolia. Beginning in the 1950s. irriga- 
tion ona massive scale helped establish 
thousands of farms but eventually dried up 
natural rivers and depleted groundwater, 
fueling the expansion of the two deserts. 
Earlier this year, provincial authorities 


ordered 10,500 people to vacate farms in 
2 1000-km? area surrounding Mingin 
within 3 1/2 ye 

Wang says th 


resettling the farmers 
elsewhere “may relieve some problems in 
this area but cause new problems in 
another area.” It would be better, he ang 
to introduce water-conservation tech- 
niques, such as those pioneered in Israel, 
which might allow sustainable farming in 
the area 


At Bayinhushu, Jiang continues to 
measure the experiment’s results and 
explore ways to further raise village 
incomes. The project is leaving an unex- 
pected legacy. Before the project began, 
‘Nasen Wuritu says, village youngsters typ- 
ically dropped out of school after the com- 
pulsory 9 years, But the scientists who 
spent time in the village exposed the 
‘youngsters to the Internet and text messag- 
ing. “Many young people realized the 
importance of an education,” h 
Exhibit A is Nasen Wuritu’s elde: 
now studying to be a veterinarian at Inner 
Mongolia University in Hohhot. “He 
‘wants to stay in the city to pursue a better 
life” Nasen Wuritu says. That would mean 
one less person eking out a living on the 
grasslands—and a greater chance of enjoy- 
ing an environment increasingly liberated 
from dust. 


~DENNIS NORMILE 
\With reporting by Gong Yidong of China Features. 
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GENOME SEQUENCING 


The Greening of Plant Genomics 


As the National Plant Genome Initiative turns 10, it is beefing up its bioinformatics 
and its portfolio of sequenced crop and noncrop genomes 


Inthe genomics world plantsare second-class 
citizens. Researchers have sequenced the 
DNA of hundreds of microbes and dozens of 
animals, yetthey have deciphered the genomes 
of just three plants, Arabidopsis, rice, and 


poplar—four, if you count Chlamydomonas, 
aan alga. Comparisons between finned, legged. 


and feathered species have yielded tremen- 
dous insights into the evolution of these 
organisms. Yet plant biologists still lack the 
ability to compare the genomes of their 


for more crop genomes. Eric Ward of 
theTwo Blades Foundation in Durham, North 
Carolina, which supports the development of 
disease-resistant erops, cited the need for 
species that represent all the plant groups. 
Others argued for"“resequencing” species from 
different places whose genomes are already 
known—say, Arahidopsis 
the natural variation. 
Workshop participants also decried the 
genome initiative’s lack of progress in bio- 


to get a sense of 
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sequencing of many animal species to help 
interpret the human genome, Toward that end, 
centralized databases, stich as Ensembl, dev 


oped ways to compare genomes and look for 
conserved genes and pathways. That hasn't 
happened in the plant world. As a result, “a 


resources are balkanized.” complains Lincoln 
Stein, a bioinformaticistat Cold Spring Harbor 
Laboratory in New York state. For Anahidopsis 
sequence information, researchers go to adat 
base called TAIR, but for corn, they head to 
MaizeGDB.“{You] can't go and se 
hensive comparison between Aral 
rice,” notes Wand. “Ie’ frustrating 

‘Stein and others called forthe integration of 
the various plant genome databases and forthe 
establishment of uniform standards for charae- 
terizing genes and other DNA. “Ifyou don't do 
this, your comparisons between genomes are 


favorite species, letalone begin to construct a 
¥ coherent history of plants. No wonder 
| plant researchers are complaining. 
g 


informatics. Funding agencies supported the utterly meaningless,” says Suzanna Lewis, a 
bioinformaticist at Lawrence Berkeley 
National Laboratory in California, 

NSF, DOE, and its collaborating 
agencies are taking steps to address 
these complaints. In tate 2005, NSF 
awarded Washington University in 
St, Louis, Missouri, $29.5 million to 


sequence corn, Potato, tomato, and 


Plants in Sequencing Pipeline 
Common Name ScientificName Genome Size 


‘Club Moss _—Selaginella moellendorffi_ 88 Mb 
Thale Cress* Arabidopsis thaliana > 130 Mb 


Ata 6 July workshop to evaluate the 
10-year-old National Plant Genome Ini- 
jative (NPG), experts in bioinformat- 
ies, plant breeding, and biotechnology 
called for more plant genomes to be 
sequenced and lamented the dearth of 


§ computational tical tools to soybean sequencing is also under 
evaluate genomes. Yet, at the same time, Pk Purse ‘Arabidopsis lyrata 230Mb way. DOE'S Joint Genome Institute in 
§ they praised the program forts progress 7 Walnut Creek, California, plans to 
to date, Over the past decile, NPGI has Shepherd's Purse (a 250M devote increasingly more of its 
spent S780 million finding genes and sequencing capacity to plants and 
; sequencing plant DNA. That's a drop Peach Pris perrica 270Mb microbes, curtailing its work with 
the bucket, compared to more than animals, says JGU's Daniel Rokhsar 
: $3 billion available from the National PUPle False Brome Brachypodium distachyon—385MB AHH old about two dozen species are 
Human Genome Research Institute for in the sequencing hopper. 
other animals, notes Jett Dang! of the 7 swell tis reviewing pro 
: University of North Carolina, Chapel ee Cen coe lant cyberinfrastructu 
Hill, “Plant genomics research isa huge ‘will have the computers and know-how 
Poplar* Populus trichocarpa (480 Mb 
i bang for the buck.” argues Dangl. who: to meld the various sequence, gene- 
chairs the National Research Council expression, functional genomics, and 
z Gr Vitis 500 Mb 
B panel charged with reviewing NPGI and es votes! ‘mutant databases to make possible: 
recommending future direction Bonen truncata $50 Mb S!Phopping for genomi plans 
geen roam in 1998 With prompt Copa ceguu Deuce 736 mb 5: Years—10 years at most—to make 
ing from U.S. corn growers, it ear- these genomic resources accessible and 
8 marked $40 million forthe National Sci- ae Manihot esculenta —--760Mb —_—_—to train researchers how to use them, 
i ‘ence Foundation (NSF) to usher plants, ‘Training is key, says Dangl. NPGI has: 
F in particular corn and other erops. into Potato Solanum tuberosum  840Mb “brought the mind frame of genomicsto 
§ the genomics era, Now 10 years later, plant systems where there wasn't much 
4 NSF, with additional support from Cotton Gossypium raimondit 880 Mb before.” he notes 
Hy the US. departments of Agriculture Indeed, NPGI has become “the 
and Energy (DOE) and other federal Tomato Solanum lycopersicum 950 Mb major basic science program for plants.” 
agencies, has sponsored hundreds of says Jeffrey Bennetzen of the University 
genome-related projects. Soybean = Glycine max 1215 Mb ia, Athens, The initiative will 
© But researchers are clamoring for never have the resourcesof the National 
& more DNA. At the meeting. Erik Lege Maize Zea mays 2600 Mb Human Genome Research Institute, but 
© of Syngenta, which isbased in Research 5 itis slowly lifting plants fiom second- 
§ Triangle Park, North Carolina, called ree class status. ELIZABETH PENNISI 
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Reminding Scientists of Their Civic Duties 


THE VERY WISE FORMER CONGRESSMAN SHERWOOD BOEHLERT OF THE HOUSE SCIENCE 


Committee said, “If scientists are ws 
have to 
US. innovation drive? 


Society, and Ma 
berati 


policy illiteracy of scientists. For years I have tested this, in talks atk 


meetings, Over 90 


essperson. Very, very few reco 
“Physician (or physicist, chemist, biol 


lesson on contemporary “eivies” in Science’ 
tists’ responsibilities as citizens, 


Jeam more about the policy work” 
AAAS Newsand Notes, 25 Ma 
urging the scientific societies (like AAAS, American Chemi 
als Research Society. to which I belo 
the public’s “scientific illiteracy” and turn all th 


» typically admitted to not be 
ed what the “House Se 


to be more effective participants in the policy arena, they 


(S&T Forum: States, industry play key n 
1p. 1140). For over 40 years, [have bee 
al Society, American Physical 


to stop merely, again and ag: 
the unbelievable 


energy to fixin 


ish audie 
able to name their two 


2es in society 


nators and con 


nce Committee” was or did. 


3), heal thyself?” 


egular clever quarter-p 


RUSTUM ROY 


Evan Pugh Professor of the Solid State Emeritus and Professoe of Science, Technology, and Socety Emeritus, The 
Pennsylvania State University, University Park, PA 16802, USA; Visiting Professor of Medicine, Univesity of Arizona; 
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Insula Damage and 
Quitting Smoking 


IN THEIR REPORT “DAMAGE TO THE INSULA 
disrupts addiction to cigarette smokin 
(26 Jan., p. $31), which is based on a retro- 
spective study of patients who had brain 
lesions, N. H. Naqvi er al. conclude that 


damage to the insula was responsible for the 
disruption of nicotine dependence in some 
cases, The claim is consistent with an ear- 
lier report describing a youn 
interest in abuse of substances after a selec- 
tive bilateral stroke of the globus pallidus 
(/). which is an important neural target of 
the insula (2), However, methodological 
limits nherent in brain lesion studies 


man who lost 


undermine the validity of conclusions 
derived from this study. 

n outcome measure isa recall of 
behavior, especially the differenti- 
ation of “quitting smoking with difficulty 
from “quitting smoking.” In the present 
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mple, smoking cessation took place on 


average 8 years earlier, which introduces the 
probability of a n 


jor recall bias, especially 


when studying damage to brain areas with 


memory funetion, including the insula (3), 
In addition, retrospective assessment of the 
of the 


interval between the occurrence 
id its detecti 


ostic scan is difficult. The nonselectiv- 


ity of br 


n lesions makes the interpretation 
of brain site-related loss of function partic~ 
ularly difficult. The authors used MRI and 
CT scans that may not be sensitive 


N01 

to detect potentially relevant brain lesions. 
We suggest that before any firm conclu- 

sions about the insula’s ent in nico- 


tine dependence are established, the results 
of this retrospective study need to be ve 


fied usin 


prospective studies and a 
hodology. Validated human 
behavioral laboratory techniques could be 
used to measure craving as well as subje 

tive and reinforcing effects of cigarettes (4) 
in stroke patients or in surgical patients 
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PERSPECTIVES 


before and after planned resections of the 
One could study patients with 
seizure-recording electrodes along the insu- 
lar surface. Individual electrodes can be 
stimulated to transiently block the function 
of the area of interest, and the impact of focal 
disruption can then be assessed. Anatomical 
information (MRI, CT) should be supple: 
mented with an assessment of functional 
integrity through imaging (PET, functional 
MRI) and neuropsychological testing (1) 
The history of addiction treatme 
plagued with examples of scientific evi- 


insula, 


ments without 


dence misused to justify tre: 
appropriate safety and efficacy testi 
Premature conclusions based on uncon- 
firmed data lead to unfounded hope and bit- 


ate patients 


ter disappointments for desp 
and their families, More than 1000 patients 
in China and Russia reportedly underwent 
brain surgery for addiction before the proce- 
dure was stopped by the respective govern- 
ments (5, 6), Although Naqvi et a/. do not 
gery, we caution that the study 


advocate su 


should not be (mis)taken as evidence justify- 
ing insula surgery to cure addiction, The 
study has too many methodological flaws 
that make a firm conclusion or even enthusi- 
asm premature, We are hoping that future 
controlled prospective studies and applica- 


tion of human laboratory techniques can 
improve the validity of derived conclusions, 

STANISLAV R, VOREL,* ADAM BISAGA,2 

GUY MCKHANN,? HERBERT . KLEBER* 
Department of Psychiatry, Division on Substance Abuse 
Columbia University ew York State Psychiatric institute, 
New York, NY 10032, USA. 2Department of Neurological 
Surgery, Columbia Universty/New York State Psychiatric 
Instat, New York, NY 10032, USA 
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Response 
WE SHOWED THAT SMOKERS WITH DAMAGE 
to the insula were more likely than smokers 
with damage in other brain regions to beable 


to quit smoking easily, immediately, without 


w.sciencemag.org 


relapsin 


. and without a persistent urge to 
smoke, Our conclusion from this result, 
combined with the results of previous func- 
tional imaging studies (/-3) and an estab- 
lished theoretical framework forinsuls fune- 
tion (4, 5), was that insula d 
with a specific psychological process t 
makes it difficult to quit si J that 
promotes relapse, namely, the conscious 
urge to smoke, We are confident that the 
anatomical and behav 


mage interferes 


joking 


ral techniques we 
used were appropriate for our data and ade 
quate to support this conclusion, 

We entirely agree with Vorel er al, that 
our findi 
ments for smoking addiction. We never sug 
gested in our Report or anywhere else that 


igs do not justify invasive treat- 


surgically damaging the insula would be a 
viable therapy for smoking addiction. 
Indeed, we join Vorel ef al. in strongly © 
demning any surgical m: 
insula to achieve a therapeutic 


pulation of the 
Apart 
from the historical excesses of psycho 


surgery, there is clinical evi- 


dence that insula damage can 
impair a variety of functi 


such as language (6), atten 


tion (7), and mood (8), and 
an 


vascular morbidity (9), 


se significant cardio. 
Al- 
though our results do have 
therapeutic 
for example, the development 
of drugs that target insula 
joral th 
address 


implications 


functions, bel 
pies that 

bodily/visceral components 
of smoking, and functional 
tivity to 
ress of th 


the 


imaging of insu 
monitor the pro, 


ments—we never used the 


term “cure” to describe any 


aspect of our findings. 

The fact that our study 
was retrospective raises a 
valid concern about recall 
bias, This is why we excluded 
patients who had impair 
ments of long-term memory 
and obtained 
from collaterals whenever it 
‘was available. The possibility 


information 


— 


¢ dis 
rupted memory for the emotional experi- 


still exists, however, that insula dama; 


ence of quitting, such as memory for how 
difficult it was to quit and for unges that were 
felt after quittin 
unlikely, especially given the vivid descrip- 
tions of the experience of quitting provided 


This possibility seems 


by som Also, we found a 


of our patients. 
strong trend for patients with insula d: 


to be more likely than patients with d 


mage 


if 


the study (i.e., to have quit smoking after 


in other 5 to be abstinent at the time 


lesion onset) a finding that was not suscep. 
tible to recall bias. Nonetheless, we agree 
with the need for prospective studies and 
have already begun such studies 

Vorel ef al. point out certain technical 
are inberent to all human 


lesion studies, most notably the problem of 
nonselectivity of lesions, We addressed this 
at 


problem through an analysis that look 


effects in regions surrounding the insula, 


Through this analysis, we found that the 


which lesions had a signifi 
cant effect on smoking addic- 
r 
1 


tion, By including a Ia 


number of subjects 


cemployi 


more 


map) 
techniques, future studies may 
be able to detect effects of 


lesions in other regions that 
possibly play a role in addic- 
tion and may be 


effects within subi 


the insula. 
Our goal in performi 
this study was not the im 


nedi- 
ate discovery of a “cure” for 
smoking addiction, but rather 
to shed light on a brain re 
that has been largely ignored 
in the drug addiction litera- 
ture. We hope that our find- 

spur further research on 


this topic, which ultimately 
\d lead to better treatments 
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Not Necessarily the First 


THE NEWSMAKERS ITEM “OPENING UP" (12 
May, p. 811) states that “German physicist 


person to be named science dea 
Chinese university.” In fact, Geon 
Groff a Penn State graduate in horticulture, 
was dean of the College of Agriculture at 
Canton Christian College in Guangzhou, 
China, from 1922 to 1941 (J), Canton 
Christian College became Lingnan Unive 
sity, whose College of Agriculture merged 
with that of Sun Yat Sen University in 1952 
to form South China Agricultural College. 
now South China Agricultural University, 
with a current enrollment of 36,000 st 
dents. Groff began teaching horticulture 
in China in 1907, beginning a century 
of partnership between Penn State and 
South China Agricultural University that is 
still thriving in the form of trainin 


research collaboration in plant biology 
including a joint Laboratory of Root Bio- 
logy inaugurated by the presidents of South 
China Agricultural University and Penn 
State on May 29 of this year. Rupp appea 
1 be (at least) 85 years late to merit the title 
of 
Chinese university 


first non-Chinese science dean at a 


JONATHAN P. LYNCH 


Department of Hortcuture, College of Agricultural 
Sciences, Penrsyvania State University, University Park, PA 
1168024201, USA. 
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CORRECTIONS AND CLARIFICATIONS 


[News Focus “Population geneticists move beyond the single gene” by €. Penis (22 June 
1690), The individuals picured on page 1691 ae from Siberia, nat North and South America. 
This Week in Science: “The root ofthe problem” (8 June, p.1391).The ist sentence ofthis 
‘tem was incorrect. Although mosses do exhibit a relatively primitive life-style, masses have 
both haploid gametophyte and diploid sporophyte phases. 

‘News Focus: “A new twist on traning teachers” by J. Mervis (2 June, p, 1270). The article 
misspelled the name of Jason Ermer, a master teacher in the UTeach program at the 
University of Texas, Austin, 


Random Samples: “Country cooking” (25 May, p. 1105). The last sentence is incomrect. 
should ead, “he device may not cut dawn on wood consumption, but tests suggest it will 
‘makeuse of upto 30% ofa wood fire's energy, much more than an open fire's 79 eficency.” 
‘News Focus: “Puting the brakes on psychosis" by C. Schmit (18 May. 976). The brain scans 
of schizophrenic patients shown on page 976 were meant to illustrate that the brains were 
‘changing rapidly, not to suggest that the therapy described in the article could prevent such 
changes. The patients ceived medication before and during the peviod when sans were taken 
News Focus: “Closing the net on com- 
mon disease genes” by |. Couzin and J. 
Kaiser (11 May, p. 820). The table on 
‘page 822 incorrectly listed the sample 
sive of a 2005 genome-wide association 
study in macular degeneration. The 
study included 146 people, not 1700, 
News Focus: “Thymosins: linia prom- 
Ise ater a decades-iong search” by |. 
| ‘Maca (4 May, p. 682). Hynda Kleinman 

as incorrectly identified inthe artic. 
She is a former intramural scientist at 
the National Institute of Dental and 
Craniofacial Reseach 


c Editors’ Choice: "Reucing together” (27 


B icstim n 


NW1 Stim i. ‘Apel, p, 516). The paper covered in this 
item (C. W. Kim et, Am. Chem. S06 

nwe 129, 10.3021/30706347 2007} kaseow 
been reacted bythe ctor ofthat journal 

nwa] Reports: “Detection, stimulation, and 
inhibition of neuronal signals wth igh: 

nwa " = 

Fig, 28 and ¢. 
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Letters to the Editor 


<ensty nanowire transistor aay by F.Patlhy eto. (25 Aug. 2006, p. 11000, The trace for 
NW in Fig. 2C ad the inset for NIWA in Fig, 4B wee income. Adetonal, the I trace in 
ig. S4A mas improper plotted onthe time ats. The conected Fig. 2C is shown tothe ft with 
the replated Fig, 28. There are minor dtferences between the original and replted versions 
Fig. 28 due to export settings inthe plotting software. Fig. 4B is shown below wth the cor 
‘ected inset. The reploted trace for Fig. S4As now available inthe Supporting Online Material 
forthe Report. nthe origina Fig. SEA, the arrows showing current injection were misplaced in 
the corrects version, injection is indicated by the region of more poitve membrane potential. 
These eros occured during the inal production of the figures, and none ofthe resus or con- 
‘dusionso the paper are affected. The authors apologize for these ers inthe published popes. 
In adition, the authors would keto clay several pins. () Deailed timing analysis was done 
tom data fles in IGOR Pro (Wavelets, inc, Portland, OR) and not fom composed figures. 
(GO InFig. 20, the intracellular and nanowite signals were measured on diferent computers with 
srl timing oftsets between the daa ses and were nat intended to show precise relative tim 
‘ng, (0k Fig 2 the published scale bar vetersto the scale ofeach individual race; however, 
they are arbitrarily offset relative to each ater for cavity. (vIn Fig, 48, data wee measured 
‘sequently after multiple stimulation, oot simultaneous (In Fig. 2, te baseline similar 
ites between NW3 and NWS ae real and mos Utely caused by coupling to ground noise flu- 
‘uations and the use o similar lon amplifier parameters for data acquisition, vIn Fig SA, 
‘he neuron mas stimuted over the course of fur hours. However, the cel was impaled wth the 
1 pipette only during the fst and lat several minutes ofthe experiment to conan neural 
response and vib 

Reports: “Optical signatures of the Aharonov-Bohm phase in single-walled carbon nan- 
cotubes” by 5, Zaric eta (21 May 2004, p, 1128). Some ofthe data and conclusions pre- 
sented a5 novel in the Report were previously presented in 5, Zaric eta, Supertattices 
‘Microstrictures 34, 413 (2004), which was part ofa proceedings volume from the éth 
Internationat Conference on New Phenomena in Mesoscopic Structures and the 4th 
International Conference on Surfaces and interfaces of Mesoscopic Devices, The authors now 
realize that this reference should have been indicated, 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Redefining the Age of Clovis: 
Implications for the Peopling of the Americas” 

Gary Haynes, David G. Anderson, C. Reid Ferring, Stuart). 
Fiedel, Donald K. Grayson, C. Vance Haynes Jr. Vance T, 
Holliday, Bruce B. Huckell, Marcel Kornfeld, David ). Meltzer, 
Julie Morrow, Todd Surovell, Nicole M. Waguespack, Peter 
Wigand, Robert M. Yohe I 

‘Waters and Stafford (Reports, 23 February 2007, p. 1122) provided usetut infor- 
ration abou the age of sme Clovis sts but have no cette eased 
the temporal oan o tical comple i the Arras, Only a continuing 
progam ol aioe dating an are srtivapic celts can aces 
thelngering ambiguity about the emergence and spread of Clos cute 


Fulltent at we sciencemag or9/cqlenntentull317/5836/3200 
Response To ComMENT on “Redefining the Age of 


Michael R. Waters and Thomas W. Stafford Jr. 


Haynes et al, misrepresent several aspects of our study. Our revised dates and 
«ther archaeological data imply that Clovis does not represent the earliest acai 
pation ofthe Americas, and we offered both human migration and technology 
itfusion as hypotheses to explain the expansion of Clovis. We stand by the data 
and conclusions presented in ou orignal report. 

Fulltext at wun ciencemag og/egicontentfull3175836/320 


OCEANS 


Fragile Frontiers in the Abyss 


Cindy Lee Van Dover 


counts of the biology of the deep se: 
tend to focus on the epic efforts under- 
aken to gain access to this humanly 


inhospitable environment and 


on the strange animals that live 
The Silent Deep ps 
e to these same themes 


there, 
hom 
but stands apart from other books 
about life in the abyss due 
to Tony Koslow's thoughtful 
accounts of deep-water fisheries, 


mineral exploitation, habitat de- 
struction, and contamination of 
the deep 


his call for new strategies for 


pcean wilderness and 


‘managing 
Although his prose lacks the 
poetry that Rachel Carson 
brought to her books. about 


ocean resources, 


marine life at the edge of the 


sea, Koslow succeeds in painting a picture 


of the deep sea as an environment with 


inherent and threatened value. 


The author's credentials as a proponent of 
deep-ocean conservation efforts are impecea~ 
ble. For a decade, Koslow led the deep-water 
ecology program at the Australian Common 

wealth Scientific and Industrial Res 
Organization in studies of bi 


earch 


ied with seamount coral reef that are threat- 


ened by the effects of commercial trawling 
He has lately been engaged in using our 


imited knowledy 


of 0¢ 


ecosystems to 


inform international policy-makers as they 
prescribe laws to manage the seas for the bi 


efit of humankind, 


The deep ocean represents the largest vol: 
ume of richly inhabited biosphere on our 
planet. As Koslow relates, at present it can be 


a tricky business to offer informed science of 
such an expansive system, We have only the 
barest skeleton of baseline knowledge and an 


incomplete understanding of components, 
processes, and dynamics in deep-sea systems. 
Deep-sea scientists work in an environment 
where each day of effort using a submersible 
or tethered vehicle can cost more than 
$50,000. Althou ¢ efficient 

extracting the most information possible 


sh we have becon 


The reviewer is atthe Division of Marine Science and 
Conservation, Nicholas School of the Environment and 
Earth Sciences, Duke Unversity, 135 Duke Marine Lab 
Road, Beaufort, NC 28526, USA. Email d3@duke.edu 


from each visit to the seafloor, the cumulative 
had 


all record of observation on 
wal basis, myopically « 


precious minutes of submersible re 
pitifully sn 


upto 


tered on pinpoint locales in a lit- 
eral sea of habitat 
Our dilemma is squarely be- 


fore usin Koslow'schapter on cli- 


¢ and the deep sea 
climate warms, deepwater 


n patterns chan; 
oxide levels 


creased carbon d 


acidify the ocean, pattems of pri- 
mary productivity at the surface 
and methane-hydrate 


deposits shift to new equilibrium 
es. There is little doubt that 


these and other climate-induced 
chi 
life 


effects will be expresser 


1¢5 will affect deep-ocean 


but the manners in which 


are nearly imposible 
to predict or to document because we have 
seant understand 


ig of how deep 
tems operate in the first place. While we have 
all but abandoned the view that deep-sea 


nisms are exquisitely adapted to a stable 


modest understanding of physiological toler- 


ances of organisms a 


ul ecological responses 


of populations and ecosystems to changes in 
basic parameters like temperature, oxygen 
content, pH, current regimes, and food supply. 


We wonder at the strange animals capt 


d 


BROWSINGS 


The Deep. The Extraordinary Creatures of the Aby 
Press, Chicago, 


Claire Nouvian. University of Chicag 
2007. 256 pp. $45. ISBN 9780226595665. 
‘Abysses. Fayard, Paris, 2006. €40. 

ISBN 9782213625737, 


in deep-sea travls, revel in the unsuspected 
diversity of life dwelling in the cold muds of 
the seafloor, and celebrate the beauty of dee 

sand cold-water coral reef’ 


sea hot spr 
Dramatic deep-sea discoveries unfold year 
afier year, but Koslow reminds us that this 
pristine” ocean wilderness is being trampled 
by the insidious “human footprint across the 
deep sea”: the seabed suffers a 
legacy of tens of thousands of m 


ightmarish 
chant ships 


sunk and rotting on the seabed, hundreds of 


thousands of tons of milit 
tled in deep water, millions of curies of 
radioactive waste and 17 nuclear 
dumped at depth with no attempt at cont 
ment, and residual DDT and PCBs accu 
in deep-si 


food chains, 


Koslow offers a litany of new ventures 
\with the potential to challenge and insult the 
deep sea even as they reap economic and soci- 
etal benefits: Just three de 


les after the first 
discovery of hot springs on the seafloor there 
is a rush to strip-mine their gold-rich ores, 


Fields of manganese nodules on abyssal 


plains and cobalt-rich crusts on the sides of 
seamounts inspire capacity building in nation 
ic as well as economic inter 


states with strateg 
ests in exploitation of deep-ocean resources, 


Pharmaceutical companies prospect for new 
drugs and genetic resources from the sea. A 


carbon economy provides incet 
tive for commercial interests to exper 
with unchecked schemes to fertilize oc 


nent 
an 


meadows and to develop deep-water carbon 
kes. Commercial vent 


jes such as these will 


have uncertain consequences on deep-sea bio- 


diversity and the sustainability of deep-ocean 


ecosystem services. 
Koslow closes The Silent Deep with a 


Weirdness and beauty are often paired in the 170 
species portrayed in this visual survey of deep: 
diversity. Nouvian provides the color photos, most 
taken by researchers, with extended captions that 
describe the animals’ lifestyles and habitats. For 
example, the swimming sea cucumber Enypniastes 
“undulates slowly and gracefully through the 
water, sometimes even rather far from the bottom. 
Short topical essays from eminent deep-sea biologists 
(including Kostow and Van Dover) cover related 
aspects of marine science, history, and conservation. 
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chapter on “the way forward” written with 
Kristina Gjerde, a respected expert on interna- 
tional ocean governance, and Craig Smith, a 
preeminent deep-sea biologist. The authors 
focus on policy and conservation options that 
address threats posed by high-seas bottom 
trawling, including a global moratorium on 
deep-sea trawling, regulation of demersal 
fisheries, and establishment of marine pro- 
tected areas. They briefly tackle the broader 
policy needs for sustainable useand conserva- 


tion of the global deep ocean in national and 
international waters. 

Weare on the cusp of engaging in commer- 
cial activities that have the potential of exerting 
substantial impacts on the quality of dee 
‘ocean ecosystems: there is only abrief window 
of opportunity for setting policy in place 
before habitats are compromised. Such policy. 
internationally sponsored and intemational in 
scope, can be holistic and precautionary, rather 
than a reaction to environmental catastrophe. 


A forward-thinking approach has immense 
advantage over negotiating and implementing 
policy afier financial capital is invested, 
wwildemess resources consumed, and habitats 
destroyed. Koslow provides us with a report on 
the current status of the ocean depths, Now is 
the time to chart a path toward rational conser- 
‘ation srategies and sustainable resource uses 
that acknowledge and accommodate the many 
gaps in our understanding of the deep ocean, 
oan26hence 


9 


DEVELOPMENTAL BIOLOGY 


Passage to Global Stem Cells 


‘M.tan Phillips 


hen President George W. Bush took 
office in January 2001, he quickly 
made it clear that he was not in 


favor of research on human embryonic stem 
cells. That August he sealed off access to feu- 
‘eral funds for research on all but a few (now 
suboptimal) lines of human embryonic stem 
cells, His action not only caused stem cells to 
become # national political issue but also 
‘emboldened any country that wanted to com 
pete with the United States in this research 
The global race to establish dominance ina 
field with enormous scientific, health, and 
‘conimereial possibilities was on, but with US, 
participants denied federal funding. 

In Cell of Cells, Cynthia Fox brings her 
impressive talent asa science writer and jour- 
nalistto telling the story ofthis rage, The hefty 
book offers a great read for anyone interested 
inthe topic. Fox makes the story an adventure 
She carries us to unlikely places, beginning 
with a camel ride to the Pyramids with an 
Egyptian stem cell researcher. She then flies to 
Israel to meet the scientist with whom the 
Egyptian wanted to collaborate (polities made 
it impossible). Israels Joseph Itskovitz-Eldor 
provided four of the five lines to Jamie Thom- 
son for their seminal paper on the first human 
‘embryonic stem cells (/). 

With a journalis’s eye, Fox details her 
imerviewees’ offices, labs, mannerisms, and 
habits—even the views they see each day. 
Those details, impossible to obtain from a sci- 
entific paper, make the researchers come alive. 
Moving on to Singapore to deseribe stem cell 
work in the lavish research city of Biopolis and 
then on t Australia, Japan, China, and Korea, 
Fox accurately reveals the sociological and 


The reviewer sat the Keck Graduate institute, $35 Watson 
Drive, Claremont, CA 92722, USA. E-mait ian philips 
kgiedy 
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technical issues that stem cell 
research involves. For nonscien- 
tists, she gives pithy but effective 
explanations without disturbing 
the flow: for scientists, the book is 
a smooth read because Fox does 
not dumb down scientific termi- 
nology. The knowledge she ac~ 
quired in her journeys is astonish- 
ing in range and depth, and she cites papers 
from the primary literature as rungs on the lad- 
der to her overview. (The book includes 43 
pages of references and interview notes.) 

Fox creates indelible images. Her fly-on- 
the-wall description of a kidney transplant and 
chimeric stem cell operation at Massichusetts 
General Hospital is riveting, as is the almost 
smelly account of extracting oocytes for tissue 
cloning from pigs. In Jerry Yang's lab, she wit- 
nesses the Star Wars-like drama of remotely 
controlling pipettes to enucleate oocytes for 
somatic cell nuclear transfer, She tells the des- 
perate stories of patients with heart failur 
autoimmune disease. kidney failure, and 
Duchenne’s dystrophy. She also warns of the 

ap of unethical, unscientific stem cell treat- 
ments in locations such as Moscow, Ukraine, 
and the Caribbean. 

This is not a book to be read while multi- 
tasking. Fox explains complex concepts and 
introduces numerous places and people. 
There are plenty of main characters—in- 
cluding Irv Weissman, Ron McKay, Shimon 
Slavin, Alan Colman, fan Wilmut, Steve 
Minger. Wise Young. Doug Melton, Mahendra 
Rao.and the now disgraced Woo Suk Hwang— 
and some appear repeatedly. 

The author's fascination with “science 
trouncing science fiction.” the potential of 
stem cells, and our desire to learn what hap- 
pens next make this a rare can't-put-it-down 
science book. It reminds me of the fun of firs 


reading The Double Helix (2). There are fights 
between and within labs, gossip, and different 
cultures, but there are also 
knowledge and exhilarating 
progress, Cell of Cells is a 
serious book, spiced up by 
Fox's wit and storytelling. 

‘What might hav 
nally been the climax of 
the book occurred when 
Hiwang became the first 10 
publish work claiming the 
generation of a human em 
bryonic stem cell line from 
aa cloned blastocyst (3), South Korea seemed 
poised to win the race to therapeutic cloning, 
but the tale became a Greek tragedy of hubris 
and downright lies, wasasif'in the space race 
Neil Armstrong had faked the Moon landings. 
Hwang's seeming triumph unraveled, slowly at 
first and ever faster as many of hiselaims were 
undermined. Because Fox wrote the book 
between 2003 and 2008, she probably had to 
‘go back and add “appeared 10” or “apparently” 
to every reference to Hwang's results and 
then ereate a new last chapter, “The Fall of 
Seoul and the Rise of San Francisco.” She 
writes, “the Woo Suk Hwang fraud is the 
biggest in science history in terms of the 
number of guilty parties 

Bush has twice vetoed congressional bills 
to inerease federal funding for human embry- 
‘onic stem cell research, Cell of Cells illustrates 
the consequences for global science, states that 
fund their own researchers, and the dashed 
hopes of those who need potential treatments. 
Fox eloquently chronicles the consequences 
this isolationist policy and squarely advocates 
rational approach to funding research on both 
adult and embryonic stem cells. 
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SUSTAINABILITY 


Education for a Sustainable Future 


Debra Rowe 


ustainability is a lens through which 
GS iscsi mie a 

legesand universities. as well as national 
nizations, are collectively examining and 


acting upon our shared world systems (J, 2), In 
the United States, a national trend has begun, 
but much more needs to be done, 


College and University Actions 
Sustainability is being integrated into US. 
institutions’ mission and plannin; 


research, student life, operations and purchas- 
ing, and community partnerships, Students 
and staffat hundreds of campuses: 


in sustainability committees 
including the following: learning to focus on 
acquiring sustainability knowledge and appli- 
cation skills; sustainability-oriented film festi~ 
vals, speakers, and other campus events; 
socially and environmentally responsible eri- 


teria for purchasing and endowments; infu- 
sion of sustainability into the general eduea~ 
tion core requirements, courses, disciplines, 
whole colleges, and specialized degrees: 


! nd global approaches to sus- 
tainability in collaboration with businesses 
government, nongovernmental organizations 
(NGOs), and kindergarten through high school 
(K-12) education. 

Core requirements at many universities 
and colleges (e... Portland State University 
Miami Dade Community College. University 
of Minnesota) include the components of sus- 
tainability education, even if the word sustain- 
ability is not specifically used, Degrees in sus- 
lity have sprouted up at dozens of insti- 
tutions [see (3) for a listing}. In the Campus 
Climate Challenge, students on over 400 ca 
puses are working with administrators a 


staf to measure and reduce greenhouse g 
emissions (4) and are voluntarily raising stu- 
dent Fes 
move tor 


and changing energy policies to 
wewable sources. 


US. business, architecture, and engineer- 
ing schools are in the forefront of sustainabil- 
ity education. Architecture and engineering 


schools have criteria for accreditation that 
require students to be able to understand 
and implement sustainable design. Non- 
profit organizations such as Engineers for a 


President of the U.S. Patinership for Education for 
Sustainable Development, Washington, OC 20037, USA; 
E-maik. dgrowe@oaklandecedu 


Sustainability is being integrated into 
higher-education institutions’ mission and, 
planning, curricula, research, student life, 
and operations. 


California students workingf® sake eaergy on campuses 


Sustainable World and Engineers without 
Borders have developed. The World R 
sources Institute and the Aspen Institute 


worked with business schools to develop case 
studies and business curricula that include 
ability principles 


ning expe- 
ability challenges. 

The purchasing power alone of colk 
and universities, as they demand more envi- 


ronmentally and socially responsible products 
bility 


nd processes. can help move suistai 
from its present niche markets to become the 
standard in product and process design. This 

an be expressed through commitments to s 
tainable behaviors and policies in institutional 


mission and planni nergy-cfficient 


‘more 
and greener buildings and operations; substan- 
tial purchases and installations of renewable 
energies and commitments to carbon emis 
sions reductions and neutrality; sustainability 
udits and reporting: and sustainable livit 
campaigns in the residential halls. For e 
ple, over 300 presidents have signed commit- 


‘ments and taken action to move toward carbon, 


neutrality and to eliminate greenhouse g 
emissions. Michigan State University, NYU 
(New York University), University of Cali- 
fornia at Berkeley. nnsylvania State 
University. nd others have conducted sustain- 
ability audits and reports. Sustainability- 
oriented residential living practicesare in place 
at Bowdoin, Carnegie Mellon, Dartmouth, 
Harvard. Tufts. University of Vermont, and 
Yale. Rutgers and the National Association for 
Educational Pro 
developing resources for the purchasin 


urement have focused on 
side 
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of sustainability (6, 7), Stanford University has 
developed both environmental and social 
screens for their endowments, 


A statement drafted by the Business Sector 
rinership calls upon higher 
nability education 
aduates, Parti- 
cipating members came from both small and 
large corporations, 
ates to energy companies such as Duke Ene 


from media conglomer- 
y 
and consumer products such as Burt's Bees, 
“All students need to leam, through an inter- 
disciplinary approach, not only the specifics of 
our sustainability challenges and the possible 
solutions, but also the interpersonal skills, the 
systems thinking skills, and the change agent 
skills to effectively help to eres 
tainable future. We are looking for these sus- 
tainability educated students as future business 
people, as employees, as consumers, innova- 
tors, government leaders and investors” (8), 


ie a More Sus 


Activities of National Organizations 
Afier the United Nations declared a Decade 
of Education for Sustainable Development 
(2005-14), a grassroots effort from higher 
education developed in the United States in the 
absence ofa federal government response. The 
tional Council for Science and 
Environment hosted its annual conferen 
2003 on Education for a Sustainable and 
Secure Future, Out of that meeting, the US, 
Partnership for Education for Sustainable 
Development(¥) was created to catalyze aUS. 
response for this decade and beyond. This 
national network of ever 300 organizations hs 
sector teams in Faith, Business, Communities, 


nce 
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Higher Education, K-12 schooling, and Youth. 
The US, Partnership convenes mainstream 
leaders and catalyzes their commitment to 
educating for a sustainable future. With im- 
petus from multiple sources interested in sus- 
tainability, three major efforts emerged in the 
higher-education sector: the Higher Educat- 
ion Associations Sustainability Consortium 
(HEASC), the Disciplinary Associations Net- 
‘work for Sustainability (DANS), and the Assoc- 
iation for the Advancement of Sustainability in 
Higher Education (ASHE). 

The HEASC (/0) was formed to advance 
sustainability in the mainstream higher educa- 
tion associations and in the system of higher 
education itself. HEASC members currently 
represent about half of the US. college and 
university presidents: about half of all of the 
boards of trustees, and many, if not most, 
facilities directors, business officers, college 
and university planners: purchasers: and stalls 
of residential housing, student affairs, and 
‘campus activities, Projects include the Higher 
Education Climate Action Partnership (//) to 
measure and reduce greenhouse gas emis- 
sions, support for the American College and 
University Presidents’ Climate Commitment 
for clean energy, carbon-neutral campuses 
(/2), andl professional development initiatives 
‘on sustainability 

DANS (/3) was formed after the US. 
Partnership asked the Association of American 
Colleges and Universities (/4), the AASHI 
(/5),and the Association of University Leaders 
for a Sustainable Future (16) to cohost meet- 
ings of more than 20 disciplinary associations 
to discuss each discipline’s potential contribu- 
tions toa more sustainable future, These meet- 
ings included national associations for psychol- 
ogy, sociology, philosophy, religion, biology, 
chemistry. engineering, anthropology. political 
science, math, broadcasting, architecture, 
‘women's studies, and others. Working groups 
are focusing on infusing sustainability into eur- 
a, professional development, standards 
Juding tenure, promotion, and accreditation 
criteria that value sustainability research and 
action), cross-disciplinary projects, legislative 
briefings, and wars to educate the public about 
how to help create a sustainable future (17). 

AASHE (/5) serves colleges and universi- 
ties in the United States and Canada. It offers 
an extensive resource center of sustainability 
initiatives and policies, discussion lists. sam- 
ple syllabi showing how sustainability can be 
infused into various courses, a biennial con- 
ference, and professional development oppor- 
tunities. AASHE also publishes an electronic- 
‘mail bulletin and an annual digest with cam- 
pus sustainability news stories, resources, 
‘events, and job opportunities. 
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Moving Forward 

For real progress, the implementation has to 
be broad (across all higher education institu- 
tions) and thorough. We need to make sure 
that none of the courses currently being taught 
in the United States reflect the old, inaccurate 
paradigms such as “endless resources” and 
“man conquers nature.” Textbooks need to 
describe our sustainability challenges and the 
contributions each discipline can make to the 
solutions. Funders have to support such work. 
The National Science Foundation should 
encourage a sustainability focus in its grants 
to STEM (projects to increase students’ inter- 
est in science, technology, engineering, and 
‘mathematics) and other areas and should fund 
interdisciplinary coursework and research. 
Other governmental funding sources, founda- 
tions, and corporations need t understand 
and support this trend. 

Through sharing stories of how people have 
made a difference in society and by providing 
assignments that focus on solving real sustain- 
ability issues, educators can engage students 
and help institutions and the larger society turn 
toward more sustainable behavioral and policy 
porms, Students can leam and practice via such 
assignments how to be more environmentally, 
«economically, and socially responsible and how 
to support policies and legislation that support 
a sustainable future. Imagine what might hap 
pen if students were regularly assigned actual 
sustainability problems that were brought to 
higher education by cities, businesses, non- 
profit organizations, and other institutions. If 
classroom exereises produced workable contri- 
butions to solutions, students would understand 
they can have a positive impact on the world 
~ademic learning. Most of our 
higher education institutions include some- 
‘where in their mission statements goals for 
preparing students to help create a better soci- 
ety, yet this ideal is often not fully implemented. 
iven the challenges of sustainability and the 
need for policy and behavioral modifications, 
we need to change our emphasis from critical 
thinking alone to the inclusion of effective 
change-agent skills and opportunities to take 
action on campus and off. A matchmaking 
Web site listing real-world sustainability proj- 
ects from business, government, and nonprofit 
organizations available to students, faculty, and 
volunteers has just been launched (/4). 

To have a sustainable future, sustainability 
education has to be implemented at the K-12 
levels as well. There are examples of inno- 
vation, including the Sustainable Schools 
Project sponsored by Shelburne Farms in 
Vermont (/9); the Educating for Sustain- 
ability master's of education program at 
Antioch University training teachers for the 


K-12 level (20): and the global sustainability 
resources produced by Facing the Future (2/), 
including K-12 curricula, community service 
activities, and teacher preparation programs. 

However, state standards and assess 
ments primarily emphasize writing, reading. 
and math, often do not relate to societal 
problems and solutions, and ereate bart 
to learning about sustainability, The K-12 
sector team of the U.S. Partnership has ere- 
ated draft sustainability education stan- 
dards, has compiled resources for K=12 
teachers, and has just begun a process simi- 
Jar to what was done in higher education to 
convene the national leaders in K-12 educa- 
tion and to share information to catalyze 
their commitment to sustainability, 

Right now, sustainability is treated by 
many as an add-on, as another item on an 
already full plate, Sustainability needs to be 
a main focus of our efforts in education, 
Given the educational and research capacity, 
the external partnerships, and the position of 
higher education as an influential voice in 
, there is ample opportunity for 
hhigher education to help shift societal norms 
toward a healthier environmental, social, 
and economic sustainability, 
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ASTRONOMY 


Seeing the Surfaces of Stars 


Andreas Quirrenbach 


J isos some ace 
scl bulge. Ths effect well Known fr 
Earth whieh m erpotrl dls ne 
kin erger han the polar ra The Sun 
pte 


ghily flattened because ofits slow rd 


tion rate, with an equatorial radius exceedin 
the polar radius by only one part in 108 


Other stars, however, rotate very rapidly. 
On page 342 of this issue, Monnier er al. (/) 
present images of Altair, also known as « 


Aquilae, 


one of the three stars of the Summer 
es clearly show that 


Equatorial disk 


Stellar shapes. (Center) Rapidly rotating stars develop an equator 
Radiation pressure drives a fast wind from the polar regions if they are sufficiently hot, when 
in which the rotation rate decreases strongly with distance from the axis may have unusual shapes (with convective regions shaded) {diagram adapted from (6)] 


Altair is flattened by more than 20% and that 


ter than the 


the polar region is much br 
equatorial zone. This agrees with the theory 
of stellar structure, which holds that varia 
tions of the 
must be accompanied by variations in tem- 
perature (2). For Alt 
‘counteracting the gravitati 


AVity across a stellar surface 


ir, the centrifugal force 


nal attraction n 


the equator therefore causes coo! 
thus reduced br ‘with respect to the 
poles (see the figure, center panel). Not only 
does the work of Monnier e7 al. tell us some- 
thing new about this particular object, it also 
shows that detailed imaging of other unusual 
stars will be possible. 

Astronomical images taken by ground- 
raed by tur- 
bulence in Earth's atmosphere. Researchers 


hiness. 


based telescopes are normally de; 


have recently developed ways to compensate 
this atmospheric blurring with adaptive opti- 


cal systems, but the resolution achievable is 
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still limited by diffrac 
aperture. Even the langest current te 
see all but a handful of the very la 
stars as mere points of 

To obtain images of Altair’s surface, 
Monnier et al. had to combine the light from 
four telescopes of a six-element array located 
‘on Mt. Wilson near Los Angeles. In stich 
interferometric arrays, the resolution i 
by the separation between the individual tele- 


scopes, 1 


on at the telescope’s 
scopes 


t their sizes; Monier et al. could 
"with an effective size of 
265 m by 195 m. There is, however, a price to 


pay for substituting a hu 


small number of m es: Instead of 
led image, one obtains 


her abstract da 


sized 01 


in instant det. 


1 that do not easily 
nd themselves to intuitive interpretat 


aset ofr 


Monnier eral, have now succeeded in produ 


air throu: 


Puter processing of these interferometric data. 
‘Such methods are causin; 


astronomers to 
reassess some of the conventional wisdom. 
Interferometric observations of Vega (ct 
Lyrae, also in the Summer Triangle) have 
recently shown that this star is a rapid rot 
tor, too (3, 4). Unlike Altair, however, we see 
this star nearly pole-on. V 
used as a standard star for the calibration of 


had long been 


ound-based and spaceborne telescopes 
and instruments. Some of the assumptions 


underlying these calibrations now appear to 
be on shaky ground, as they were based on 

models. Such 
models do not take into account the influ- 


spherically symmetric stel 


ence of rotation on the structure of the star 
or whether one sees predominantly the equa- 
torial or polar regions. Now that we know 
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Rapidly rotating stars are flattened spheres 
ith poles that are hotter than the equator. 


the rotation rate and viewing geometry of 
Vega, it will be possible to improve instru- 
ment calibrations. 

Stellar rotation also has stron 


2 implica- 
tions for our understanding of the formation 
and evolution of galaxies, Because distant 
nnot be resolved into individual 


stars, their observed properties cannot be 
preted without the use of stellar popu- 
n models. These models assume that 


ain mix of stars, 


axies contain a ce 


with a prescribed distribution of masses and 
s; these stars are collectively responsible 
for the 


Rotation affects the outward appearance 


ight emitted by the distant galaxy 


Jige, which is cooler (and thus redder) than the polar regions, as seen by Monnier et al. (Left) 
5 disks are frequently formed in the equatorial plane. (Right) Stars 


and emitted spectrum of stars, the rate at 
which they lose mass, and their interior 
Which in turn determines how fast 
n supply and 
how they evolve over time, To avoid misin- 


structure, 
the stars burn their hydre 


terpreting galactic spectra, the assumed 
stellar population must the 


efore contal 


the correct mix of stars with different rot 


tion rates, as well as th 


correct recipes for 


their structure and evolution, 


For individual stars, rotation has a dr 


matic influence on mass loss and winds (se 
the 


some point they overwhelm the 
attraction and the star flies apart, We do not 
know how closely stars can approach this erit- 


ical rotation rate, but it appears that centrif- 
gal forces can facilitate the loss of mass and 
the formation of disks in the equatorial plane. 
On the other hand, the fact that the poles ean 
be substantially hotter than the equatorial 
jons can give rise to a separate mass-loss 


mechanism, namely the generation of a fast 
Wind through radiation pressure. It is likely 
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that equatorial disks and polar winds can 
coexist in single objects: both phenomena 
lend themselves to imaging studies with inter- 
ferometer arrays (5, 6) 

A solid body like Earth must rotate uni~ 
formly, with all parts competi; 
in the same time. This is not true for gaseous 
bodies. We have long known that the equato- 
rial regions of the Sun need about 25 days for 
one revolution, whereas the polar regions 
take several days longer. Through the ans 
of tiny oscillations of the Sun with methods 
analogous to those used to infer the structure 
of Earth from seismic events, astronomers 
have determined the rotation rate forthe inte~ 
rior of the Sun (7). 

Monnier et al, compared their observa- 
tions to the simplest possible model, which 


arevolution 
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assumes uniform rotation. They found subtle 
discrepancies. which could well be explained 
by a modest amount of nonuniform rotation. 
Models of stars with strong differential rot 
tion predict not-so-subtle modifications of the 
overall stellar structure; in extreme cases the 
stars might have nonconvex shapes halfway 
between a sphere and a donut (8), It is not 
known whether such “exotic” stars exist, but 
they could be discovered with present-day 
interferometers 

Elucidating the dramatic effects of rota- 
tion is but one of the contributions that inte 
ferometry can make to stellar astrophysics. 
With telescopes separated by several hui 
dred meters, current facilities are well suited 
to measuring the “global” prope 
stars. A future 


Brainwashing, Honeybee Style 


c. 


n the 1932 novel Brave New World, 
[ists tis sa cy wh 
fetuses develop in bottles and are treated 
with chemicals to modify their bodies and 
mentalities (/), Later, children are sleep-con- 
itioned to their future task in society. This 
procedure creates people who have clear 
roles, putting them in castes, ranging from 
alphas (the leaders) to epsilons (the drones). 
Among other things. lower castes are pro- 
‘grammed not to be aggressive against hi 
easte members. A treatment with neurotoxic 
chemicals (including alcohol) during devel- 
opment leads to the appropriate brain 
changes. Onpage384 of thisissu 
(2) elucidate some of the chemical cues that 
influence learning and development in an 
‘actual animal caste system —the honeybees 
Within the animal kingdom, social insects 
have evolved the most stable caste so 
Many ant species have a wide range of castes, 
from workers to foragers, from groomers to 
soldiers (3), Individualsall develop from exes 
Iaid by the same mother—the colony's queen. 
Generally. the food supplied to each egg is the 
biological signal that leads the embryo to 
develop into one caste oF another, a situation 
niniscent of Husley’s fictional world, Thus, 
if We take as an example the leaf-cutter ant 
Atta tesana, small individuals tend to the fun- 


iovanni Galizi 


The author is in the Department of Neurobiology, 
University of Konstanz, D-78457 Konstanz, Germany. 
E-mail: Gliia@uni-konstanz de 


20 JULY 2007 VOL317_ SCIENCE 


‘gus garden within the nest, 
individuals search and collect leaves from the 
forest to feed the fungus, and large individuals 
with strong mandibles defend the colony 
Honeybees have evolved a different ca 
system: The individual worker bees (always 
females, because male drones do not con- 
tribute to social life apart from mating with 
«queens during nuptial flights) perform differ- 
cent tasks in the course of their lives. The work- 
ers start off as nurses tending to the hive right 


after emergence, continue with 
tasks such as nest-building and 
hive defense, and then end their 
lives as foragers by collecting 
nectar and pollen to make 
honey and feed their sisters. 

How is this developmental 
polyethism organized? Age is 
the main factor that det 
mines the task that an indiv 
ual will perform, mediated by 
regulation with juvenile hor- 
mone (4), but feedback from 
the hive is also important 
Much information is delivered 
by pheromones. For example, 
when a hive loses the queen. 
her queen mandibular phero- 
mone (QMP) will also disap- 
pear, leading to rapid changes 
in behavior among the worker 
bees. who start raising new 
«queens to replace her. 


on kilometric baselines could produce much 
more detailed images of stellar surfaces, 
revealing star spots, eruptions, and convee- 
tion patterns, and enabling studies of com- 
plex phenomena that today can be measured 
only in the Sun. 
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‘Queen bee pheromones prevent young bees 
from learning to sting until they leave the hive, 
which makes the hive safer. 


However the life of a honeybee is not hard 
Wired. Bees are amazingly intelligent animals 
and learn a lot about their environment. In pat= 
ticular, forager bees learn color, odor, and posi- 
tion of nectar-rich flowers and use this infor- 
mation to optimize their harvest. This capacity 
has been used for many years to learn more 
about the basic mechanisms underlying appet- 
itive (ie., food-related) learning and memory, 
and the honeybee has become an important 
mode! animal to this end (5), 


Chemical control. Nurse bees surround the queen (identified by the 
mark) and groom her. This behavior is important for distributing the 
queen's pheromone, QMP, within the entire hive. 
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Recently, it has been shown that bees also 
learn to associate noxious stimuli, and an 
experimental paradigm has been developed 
whereby an odor can be associated with the 
sting reflex (6). Inassociative learning, a stim- 
ulus without meaning [a conditioned stimulus 
(CS) suchasan odor] isassociated witha rein- 
forcer stimulus [an unconditioned stimulus 
(US) such as sweet nectar ora noxious electric 
shock]. The US elicits a response, for exam- 
ple, the extension of the tongue to lick the nec- 
tur or the extension of the sting for defense, 
After conditioning, the CS alone (e.g., the 
‘odor) will elicit the conditioned response. The 
neural substrates for an aversive US and for a 
positive US differ in bee brains, both in terms 
of the neurons involved and in terms of the 
neurotransmitter they use. The appetitive US 
‘channel uses octopamine as a transmitter (7), 
\hereas the aversive US uses dopamine (6). 

Is the learning capacity of a bee related to 
her developmental suecession of tasks? Recent 
results have created an unprecedented link 
from molecules all the way to complex behay- 
ior, and some of the molecular effects of QMP 
are now understood. It turns out that QMP 
directly influences the chemistry of the brain in 
aan age-dependent manner, contributing to 
developmental polyethism. One major compo- 
nent of QMP ishomovanillyl alcohol (HVA), 
substance with a striking chemical similarity to 
the biogenic amine dopamine. the neurotrans- 
mitter that mediates aversive learning. Indeed, 
QMP acts directly on the dopamine pathway: 
Levels of dopamine in the brain are reduced in 
young bees exposed to QMP. and this effect is 
"amplified by a concurrent reduction in the lev= 
els of dopamine-sensitive receptors (8). Thus, 
exposure of a nurse bee to the queen's odor 
down-regulates the brain's dopamine networks. 
and reduc ty levels 

‘What is the biological consequence of this 
down-regulation? Vergoz et al. now show that 
young bees exposed to QMP are not able to 
eam noxious stimuli. This defect isnot a gen- 
eral learning deficit, because appetitive leam- 
ing is not affected. Furthermore, the deficit is 
limited to young bees. Specifically. the 
authors show with aversive conditioning that 
young bees exposed to QMP cannot leam to 
extend their sting to an odor that has been 
presented together with an electric shock, 
whereas young bees not exposed to QMP are 
very good at this task. Aversive learning in 
colder bees is also intact, 

Thus, the presence of the queen. through 
her pheromone, influences the behavior, and 
indeed the brain pharmacology, of her hive. 
Young workers remain in the hive, are 
docile, and display less motor activity 
whereas older guards and foragers leave the 
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hive and become more motile and aggres- 
sive. Why would aversive learning be 
blocked in a young nurse bee? Within the 
hive, the sting reflex can only have negative 
effects. Thus, preventing nurse bees from 
developing aversive memories against the 
‘odors in the hive, which include the queen's 
‘own odor, makes the colony more secure. 
With increasing age, bees start to leave the 
colony, fly to distant foraging sites, and per- 
form tasks outside the hive where they need 
to learn not only about sweet nectar but also 
about nasty dangers, It is useful, under thes 
circumstances, that the effect of QMP to 
block aversive learning wanes. This is a 
wonderful example in which the effect of a 
releaser pheromone can be followed all the 
\way to the neurons that are being modulated, 
and then to behavioral modifications, 

Thus, honeybees differ substantially from 
the beings in Huxley's world, because individ- 
uals are not trapped within their castes for 


PERSPECTIVES I 


their entire life span. The manipulation of 
brain activity by the queen, modutating leam- 
ing capacity in young bees to make them more 
docile, is a different view of parenthood. As 
the saying goes: When children are young, 
give them roots: when they grow, give them 
‘wings. The bee mother seems to have evolved 
‘exactly this strategy for her family. 
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MICROBIOLOGY 


Life on the Thermodynamic Edge 


Edward F. Delong 


‘Metabolic cooperation enables some microbial partners to thrive on low-energy carbon sources 


that neither partner could utilize on its own, 


ierobial fife can persist. under 

physicochemical conditions that 

challenge the very fabric of biolog- 
ical structure and function. In habitats of 
extreme temperatures, pHs, and salinities, 
microbes are often the sole inhabitants, But 
microbial life also exists at another type of 
extreme: under conditions that id barel 
enough free energy for cell maintenance. 
much less growth. In a recent study of the full 
‘genome sequence of the anaerobie bacterium 
‘Syntrophus aciditrophicus, Melnerney et al. 
(J) reported new insights into some ofthe fun- 
damental machinery required for living at 
life's thermodynamic edge. 

S. aciditrophicus grows mainly by a sym- 
biotic process known as syntrophy—a meta- 
bolic cooperation usually involving two 
anaerobic microbes, in which each partner 
depends on the other for growth on a specific 
‘substrate (2). For example, S. aciditrophicus 
can efficiently degrade fatty acids or benzoate 
in theabsence of oxygen, but only when asyn- 
trophic partner (typically a hydrogen-con- 
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suming methanogen or sulfate-reducing by 
terium) is around to consume its metabolic 
waste products (3). Symbiotic hydrogen 
removal shifts the chemical equilibria, thereby. 
yielding sufficient metabolic free energy for 
S. aciditrophicus to grow while simultat 
ously feeding its syntrophic partner with 
‘energy-rich growth substrates like hydrogen 
oor formate (see the figure). Alone, neither 
partner can grow well on benzoate anaerobi- 
cally: the thermodynamics for growth are 
favorable only when the partners engage in 
metabolic cooperation (4, 5). 

The genome sequence of S. aciditmphicus 
(2) provides new insight into the details ofthis 
unusual anaerobic life-style. As expected, the 
genome encodes little potential for a respira- 
tory metabolism using external terminal elec- 
tron acceptors like oxygen, nitrate, fumarate, 
sulfate, or iron. ftalso lacks many of the genes 
required for fermentation, the other main 
pathway for balancing oxidizing and reducing, 
potential in the absence of oxygen, Instead, 
S.aciditrophicus is dependent on the electron- 
‘consuming activities of its partners as its pri- 
‘mary terminal electron sink. 

Although S. aciditrophicus cannot grow 
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‘on compounds like starch or sugars, it con- 
tains four different c-amylase genes encoding 
proteins that hydrolyze starch. Perhaps it not 
only feeds hydrogen to other downstream syn- 
trophic partners, but also assists its fermenta- 
tive neighbors further up the anaerobic food 
chain in the initial steps of polysaccharide 
hydrolysis. This could help to ensure that fatty 
acids—the preferred growth substrate of S. 
aciditrophicus—are supplied as the waste 
products of its sugar-fermenting cohorts. 
‘Such potential for metabolic cooperation both 
upstream and downstream in the anaerobic 
food chain emphasizes the fact that many (and 
perhaps most) microbial metabolic and bio- 
geochemical transformations in nature 
require coordinated, synergistic interactions 
‘within microbial communities. 

Adenosine triphosphate (ATP) is the com- 
‘mon energy currency of all cellular life. One 
of the functions of energy metabolism is to 
censure an adequate supply of this biochemical 
fuel. Surprisingly, S. aciditrophicus lacks the 
genes for acetate kinase, one of the central 
enzymes anaerobes typically use to produce 
ATP via a substrate-level phosphorylation. 
However, the presence of nine genes that code 
for the enzyme acetyl-coenzyme A syn- 
thetase suggests that. acidimophicus employs 
‘an alternative reaction also used by acetate~ 
forming Archaea and by anaerobic Eukarya to 
produce ATP. 

The S. aciditrophicus genome sequence 
also provides evidence for various mecha- 
nisms to generate cellular enengy potential via 
different types of ion-translocating pumps. OF 
special interest isthe presence ofa membrane- 
bound ion-translocating complex (called Raf 
type) that is unlike those found in most 
microbes, with the exception of other syntro- 
phic microorganisms. Metnerney et al. pro- 
pose (/) that this complex uses the potential 
energy stored in ion gradients to couple the 
oxidation of NADH (nicotinamide adenine 
dinucleotide, reduced) to the reduction of 
ferredoxins, which are required for critical 
biosynthetic reactions. 

The characterization of microbial syn- 
trophic interactions has provided important 
clues about the metabolic interactions that 
drive matter and energy cycling. especially in 
anaerobic habitats, One take-home lesson has 
been the importance of studying microbial 
interactions in mixed cultures and in the envi- 
ronment, in addition to pure cultures. Many 
metabolic and biogeochemical transforma- 
tions will only occur in the context of the inter- 
species interactions, 

In syntrophie interactions between marine 
archaeal methanotrophs and sulfate-reducing 
bacteria, the anaerobic oxidation of methane 


‘Without partner: berzoate- + 7H,0-= 3 acetate + WCO,~+ 31°34, 
‘With partner: bensaate~ + 380," + 16H,0® 12 acetate + 4HCO,~ + 3H5~ + 9H 


SA AIOUCING HACTENAL PAIR 


AG" = 470.6 bm benzoate 
8G? =~433 K}/mal benzoate 


‘Metabolic cooperation. Hypothetical electron transter between S. aciditrophicus and a sulfate-reducing bacter= 
ial partner during the anaerobic oxidation of benzoate. The schematic traces the interspecies transfer of electrons 
(red) trom the source reductant (berwoate) to the terminal oxidant (sulfate). Efficient removal af hydrogen by the 
sulfate-reducing bacterial partner increases the amount o reeenesay available in the anaerobic oxidation ol ben- 


zoate to acetate. Rnf,on-translocating electron transport comple: Fa, erredox 


ase, hydrogenase; ETC, elec= 


{ron transport chain; AG, Gibbs free energy under physiological standard state conditions. (Adapted from (2,3) 


can be coupled to the reduction of sulfite 
(6-9), a reaction that no single species can 
perform alone. Although these associations 
depend on interactions that occur on micro- 
scopic scales, they drive teragram (10! g) 
fuxes of methane annually on a global scale 
(Z0). Such global transformations depend on 
microbial community interactions, including 
syntrophy. Ultimately, these interactions pro- 
vide the checks and balances that sustain 
global biogeochemical cycles. 

Another important aspect of microbial 
syntrophy is the possibilities afforded by its 
inherent modularity. For example, many syn- 
trophic hydrogen producers can partner with 
either hydrogen-consuming methanogens or 
sulfate reducers, depending on the environ- 
‘mental context. Another example is provided 
by the anaerobic oxidation of methane in 
freshwater sediments, which appears to be 
coupled to nitrate reduction (1). Very close 
relatives of marine methanotrophic Archaea 
oxidize methane in these habitats, but instead 
of teaming up with sulfate reducers, they have 
completely different syntrophic partners that 
reduce nitrate (/1). This flexibility with 
respect to who partners with whom opens up a 
wide range of possible reductants and oxi- 
dants that can be metabolized, and of environ- 
‘ments in which these interactions can occur. 
The central drivers are the overall thermody. 
namic constraints, the availability of the ter- 


‘minal oxidants (like sulfate and nitrate), and the 
indigenous diversity of microbial physiologies, 

Microbial enengetic interactions are pro- 
viding important insights into how microbes 
can extract and grow using vanishingly small 
amounts of free energy. The details of these 
reactions, and how they are optimized for effi- 
ciency through interspecies interactions, are 
well worth understanding. As our own species 
takes a sober look at dwindling hydrocarbon 
energy supplies, we may well have a few les- 
sons in enengy efficiency to learn from micto- 
bial syntrophic processes. 
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Outwitted by Viral RNAs 


Bryan R. Cullen 


erpesviruses are pathogenic DNA 
He that can establish long-term 

latent or persistent infections. After 
infecting a host cell, a herpesviral DNA 
genome enters the nucleus where itis tran- 
seribed 10 make both messenger RNAs 
(mRNAs), which encode proteins, and non- 
coding RNAS (neRNAs) (/) (see the fig- 
ure). Some of these viral neRNAS are long 
{more than 100 nucleotides (nt)), whereas oth- 
ers, called microRNAs (miRNAs). are short 
(22 nt), Although miRNAs can selectively 


‘Mammals are armed with a range of innate 
and adaptive antiviral defense mechanisms. 
Innate responses, such as the programmed 
death (apoptosis) of infected cells or the pro- 
duction of interferons that activate immune 


determinants that are invariant characteristics 
of particular pathogens. Adaptive immune 


responses, in contrast, recognize novel viral 
antigens, generally proteins, that are not invari- 
‘ant but nevertheless are foreign to the infected 
‘organism. Innate responses are rapid and can 
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Human cytomegalovirus expresses noncoding 
RNAs that repress host immune responses 
during infection, 


death is induced early in the virus life eye! 

Despite these insights, we are left with 
‘numerous herpesviral neRNAs, including 
miRNAs, for which no functions are 
known, Do these neRNAs promote viral 
replication and/or pathogenesis? HCMV, a 
herpesvirus that can cause severe disease in 
newborn infants and in immunocompro- 
mised individuals, encodes at least two 
long ncRNAs and 11 miRNAs, Reeves ef 
al. and Stern-Ginossar et al. suggest that 
two of these HCMV neRNAs are indeed 


Viral mRNAS produced —s Viral proteins 
et icted cel 
MIR-ULI12 miRNA —> of cell 
‘by immune cells 


Pasa minors 
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inhibit gene expression (2, 3), the function of 
‘most viral ncRNAS has been unclear. ft has 
been suggested that viral neRNAS might 
inhibit host immune responses (3). Evidence 
supporting this hypothesis is now provided by 
Reeves et al, in a recent issue of Seience (4) 
and by Stern-Ginossar on page 376 in this 
issue (5). Both studies show that human eyto- 
megalovirus (HCMV) expresses ncRNAs 
that allow infected cells to evade innate im- 
‘mune responses, 

Whereas the function of most cellular 
regulatory neRNAs is poorly understood, 
long neRNAs are known to direct chromo- 
some silencing, regulate gene expression, oF 
‘maintain chromosome integrity. In addition, 
eukaryotic cells express numerous miRNAS 
that guide a ribonucleoprotein complex [the 
RNA induced silencing complex (RISC)] to 
mRNAS that display sequence complementar- 
ity (3), RISC recruitment can inhibit mRNA 

i translation or induce mRNA degradation, 
i 
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Blocks toss of 
mitochondria 


Shutting down the immune response. Infection by HCMV induces a 
state of metabolic stress that would normally trigger host immune 
‘responses, including cell ysis or apoptosis. HCMV prevents these immune 
responses using two viral ncRNAS, The 2.7 ncRNA binds MRCC-I compo- 


‘nents and stabilizes mitochondrial energy production; miR-ULL12 miRNA 


reduce virus spread while 
the slower, but often more 
effective, adaptive responses 
are mounted. Successful pathogens have often 
evolved mechanisms that attenuate these host 
immune responses. 

Although numerous virally encoded im- 
‘munosuppressive proteins are known, regula- 
tory ncRNAs offer viruses several potential 
advantages, neINAs do not need to be trans- 
lated and can therefore act rapidly. They can 
also be quite small, which may be important 
siventhe compact size of viral genomes. RNAS 
are also poor targets for adaptive immune 
responses, Given the precedent of cellular reg- 
ulatory ncRNA, it is therefore not surprising 
that herpesviruses encode both long ncRNAs 
and miRNAs (/,2). Forexample, Epstein-Barr 
virus expresses two long neRNAS that inhibit 
cellular interferon responses, although the 
underlying mechanism remains unclear (6). A 
miRNA encoded by herpes simplex virus 1 
(HSV-1) prevents apoptosis by blocking the 
expression of two cellular proteins, SMAD3 
and transforming growth factor-B, which can 
trigger apoptosis (7). Apoptosis can be an 
important innate defense mechanism if cell 


blocks the expression of cell surface MICB, and hence prevents lysis by 
‘immune cells that recognize MICB. 


acting as immune-response inhibitors, 

Within hours of HCMY infection, a ~2.7- 
kb viral ncRNA (aptly called 32.7) accumu 
lates, reaching ~20% of total viral RNA (8). 
Reeves eral. report that B2.7 binds to compo- 
nents of mitochondrial respiratory chain 
complex I (MRCC-1) and thereby stabilizes 
MRCC-1 function. Infection of cells with an 
HCMV mutant lacking 2.7 induces the relo- 
calization of MRCC-1 components away 
from the mitochondrial membrane, resulting 
in reduced energy [in the form of adenosine 
triphosphate (ATP)} production and the 
induction of apoptosis. Strikingly, a similar 
1 is seen when cells are treated w 
rotenone, a compound that inhibits MRCC-1 
(9). Expression of B2.7 by wild-type HCMV 
prevents the relocalization of MRCC-1 by 
either HCMY infection or rotenone treat- 
ment. Asa result, 82.7 not only prevents the 
premature death of infected cells, but also 
ensures the stable production of ATP during 
the HCMV life cycle. 

‘Members of the herpesvirus family encode 
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‘numerous miRNAs but, with the exception of 
‘one HSV-1 miRNA (7), no functions have been 
described. Stern-Ginossar ef al. noted that 
one HCMY miRNA, miR-UL112, displays 
sequence complementarity to the 3 -untrans- 
lated region of cellular mRNA encoding MHC 
class I-related chain B (MICB), ligand for a 
receptor found on natural killer cells of the 
immune system, MICB expression is normally 
activated when cells are subjected to severe 
stress, including virus infection. Cell-surface 
MICB marks these cells for destruction by nat- 
ural killer cells (70). The authors show that 
HCMV miR-ULI12 inhibits the translation of 
MICB mRNA. The resultingabsence of MICB 
protein protects HCMY-inlected cells against 


CELL SIGNALING 


lysis by natural killer cells. This finding is sur- 
prising because the HCMV ULI6 glycoprotein 
also inhibits MICB cell-surface expression by 
causing its intracellular sequestration (//). It 
therefore appears that HCMV has evolved two 
distinct mechanisms to prevent cell-surface 
MICB expression—one mediated by a protein 
and the other by a miRNA. 

Together, these two studies suggest that 
many of the long neRNAs and miRNAs 
encoded by human herpesviruses may share 
the ability of certain herpesvirus nonstru 
tural proteins to inhibit host immune 1 
sponses and, hence, act as pathogenicity fi 
tors, Viral neRNAs therefore clearly merit 
serious consideration as potentia 


A Ciliary Signaling Switch 


‘Soren Tvorup Christensen and Carolyn Marie Ott 


ny people are familiar with motile 
M lia, the cellular, hairlike proj 
tions whose beating generates fluid 


flow that removes particles from our respira 
tory tract or help oocytes pass through the fal- 
lopian tube. Appreciation is now growing for 
primary cilia, the nonmotile counterparts, 
present as a single copy on the surface of 
most cell types in our body, Defects in pri- 
mary cilia have been linked to disease, and we 
now know that they function as unique 
antenna-like structures, probing the extracel- 
lular environment for molecules that are ree- 
ognized by the receptors they bear. This sen- 
sory function allows primary cilia to coordi- 
hate numerous intercellular signaling path- 
Ways that regulate growth, survival, and dif- 
ferentiation of cells during embryonic devel- 
‘opment and maintenance of healthy tissues 
(/).On page 372 of this issue, Rohatgi er al, 
(2) further define the role of primary cilia in 
regulating the response of cells t Sonic 
hedgehog (Shh), a secreted protein that con- 
stitutes one of the most fundamental and 
highly conserved signaling systems in verte 
brate development (3). Regulated movement 
of key proteins into and outof the cium ¢ 
‘ates a sophisticated switch by which cells ean 
turn this powerful signaling on and off. 

Shh is one of three paralogous vertebrate 
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Hedgehog 
(Hh) protein} that binds to the transmembrane 


proteins [related to the invertebrat 


protein Patched (Ptc) at the cell surface. Upon 
binding, Shh abolishes the inhibitory effect 
of Ptc on another transmembrane protein, 
‘Smoothened (Smo). This relief from inhibition 
allows Smo to transduce a signal to the nucleus 
zlioma (Gli) transcription factors, trigger- 


targets for chemotherapeutic intervention in 
herpesvirus-induced diseases 
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Primary cilia contain the receptor for a 
secreted protein crucial for cell regulation, 
strengthening their potential as signaling 
centers in the cell. 


ing the expression of specific genes. This yen- 
eral scheme is well established: however, there 
are many unresolved questions about the regu- 
lated interaction between separate components 
the pathway, and how Shh-Pre 
interaction increases Smo signaling activity. 
Previous work has shown that primary cilia 
ing. Mutations in 


is unclea 


are esse 


A ciliary switch. The primary cilium emanates as a solitary organelle from most cells in our body. (Left) in 
the absence of Shh Ptctranslocates to the primary cilium and blocks ciliary localization of Smo. Transcription 
factors (Gli) are degraded or processed to repressors (GIR). (Right) Upon binding of Shh to Ptc in the cilium, 


Pic leaves, and Smo enters, 


3 ilium. This switch may be controlled by oxysterols released from the cilium 


‘membrane by Ptc. Gli is processed to an activator form (GliA. 
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‘genes encoding proteins essential for cilia 
assembly, such as the intraflagellar transport 
proteins (4), result in dysfunctional Shh signal- 
ing and severe developmental disorders in 
mammals (5). Further, several components of 
the Shh pathway specifically localize tothe tip 
‘or base of the primary cilium (6-9) including 
Gili transcription factors and proteins that regu- 
late Gli activity atthe cilium tip. Localization 
‘of Smoto the primary cilium increases when a 
cell is stimulated with Shh (7), indicating that 
Shh-mediated generation of active forms of 
the Gli transcription factors takes place in the 
cilium. Rohatgi et af. now show that Pte local- 
izes wo the primary cilium and that Shh binds to 
Pre when itis in this location, In addition, the 
authors show that the unique and concerted 
movement of Pte outof, and Smo into, the pri- 
mary cilium constitutes a cellular signaling 
switch responsive to Shh (see the figure). 

Why does Pre localize to the primary cil- 
ium? There are several obvious advantages. 
The cilium provides a much smaller surface 
area over which to integrate a signal, Because 
the cilium protrudes from the main cell body, 
Pte hasa greater opportunity to sense gradients 
‘of Shh molecules in areas further removed 
from the general cell surface, For example, 
during early embryonic development, the 
directed movement of Shh-containing lipo- 
protein particles is thought to break lefi-right 
body symmetry in vertebrates (/0). In this 
scenario, rotating cilia, present on cells ina 
region called the embryonic node, generate a 
leftward flow of fluid that directs movement 
‘othe particles to the left side of the develop- 
ing embryo. The particles subsequently frag- 
ment, and released Shh molecules are sensed 
by primary cilia, which activates a signaling 
cascade in the appropriate tissue that helps 
define the lef-right body plan. 

Another important question concerns how 
the regulated trafficking of Pte and Smo in pri- 
marily © jeved. For Pte, the answer is 
still unclear, but Rohatgi ef af. demonstrate 
that addition of oxysterols, which regulate 
responsiveness to Shh and activate Hh signal- 


ing (3), cause Smo (harbored in intracellular 
vesicles) to move into the cilium and activate 
Shh signal transduction, while Pte also 
remains in the cilium, TI 


s finding supports 
ysterols make Smo 
insensitive to the inhibitory effects of Pte, and 
that rel ysterols from the cell mem- 
brane regulates Smo trafficking. Ciliary mem- 
branes are rich in cholesterol, the precursor of 
oxysterols, Pic may control the release of oxy- 
sterols from the cholesterol-rich membrane of 
the primary cilium. The receptor contains a 
sterol-sensing domain and is highly homolo- 
{gous to Niemann-Pick C1 protein, which is 
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important for cellular cholesterol trafficking 
(1), Oxysterols may affect Smo localization, 
directly or indirectly, by masking or unmask- 
ing a ciliary targeting mesif in the cytoplasm 
domain of Smo, One mutation in this domain 
prevents cilia localization and thus Shh signal- 
ing. whereas another mutation increases cil- 
iary localization of Smo and supports constitu- 
tive activation of the Shh signaling pathyvay( 
9). Moreover. lipid rafis—membrane regions 
enriched in sterols—may promote the continu- 
‘ous ciliary targeting and/or retention of spe 
cifie signal components (/), such as Pte and 
Smo, in response to Shh signaliny 
The concerted action of Shh molecules and 
‘oxysterols in the primary cilium may constitute 
unique cellular switch between activation and 
inactivation of the Shh pathway during devel- 
‘opment and control of tissue homeostasis 
Analogously, the protein inversin, which also 
localizes to primary cilia functionsasa molec- 
ular switch between two signaling pathways 
ontrolled by the secreted protein Wnt, another 
fundamental and conserved system that con- 
trols development /2). The next challengesare 
to define the precise molecular mechanisms 
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that underlie the Shh cellular switch, to deter- 
mine how primary cilia function as specialized 
‘onganelles that integrate positive and negative 
inputs on transcription factor (Gli) activity, and 
todiscover how these mechanisms may interact 
\with other signaling events, suchas Wot signal 
ing, in human health and disease. 
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Learning Nature's Way: Biosensing 
with Synthetic Nanopores 


Charles R. Martin and Zuzanna S. Siwy 


Synthetic sensors use molecular recognition events in nanometer-scale pores for selective detection 


of proteins, nucleotides, and drugs. 


iving systems use nanometer-scale 
res sities ai 

sensors. For example, the ligand-gated 
ion channels in the human brain (/) span the 
membranes of nerve cells and are closed in 
their resting state. But when a specific neuro- 
transmitter binds to molecular-recognition 
sites on the channel, it opens, allowing an 
ionic current to flow. This process—molec 
lar-recognition chemistry followed by trans- 
duction of that chemistry into a measurable 
current—is the essence of biosensing. In 
recent years, scientists have used these ideas 
tomake artificial ion-channel sensors for ana- 
Iytes including drugs. proteins, and oligonu- 
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cleotides. They have done so by attaching 
molecular-recognition agents (MRAs) that 
bind these species to synthetic or biological 
nanopores, 

This sensing concept was first used in the 
Coulter counter, which uses a micrometer- 
sized pore to count and size particles (2). To 
do the same for molecules required a much 
smaller pore, and biology provided an ideal 
candidate: the @-hemolysin(c-HL) nanopore. 
G-HL is a protein that forms a nanopore 
through lipid-bilayer membranes (see the fi 


ure, top panel). To act as a sensor, the met 
brane is placed between two salt solutions, 
and an ionic current is passed through the 
electrolyte-filled nanopore (3, 4). When an 
analyte such as a drug molecule enters the 


nanopore. ittransiently blocks this current: the 
current is restored when the drug exits. As a 
result, a string of current pulses is obtained, 
with each pulse corresponding to a single 
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molecular-translocation event. 
Thus, analyte molecules are 
counted one at a time as they 
pass through the nanopore (3). 
However, a sensor based on 
the native (HL nanopore 
‘would count any molecule that 
ean enter and pass through, To 
make the pore selective. an 
MRA that binds the target ana- 
lyte has been attached to the 
inside surface of the nanopore 
(3). Now, when the analyte 
enters, it binds to the MRA and 
blocks the ion current for a 
period of time determined by 
the chemistry of the MRA/ana- 
Iyte interaction. The resulting 
current pulses can be distin- 
guished from those produced 
by molecules that do not bind to 
the MRA, and a selective sen- 
sor is obtained. 
This approach has been 
ed to make c-HL-based sensors that are 
selective to metal ions, drugs, proteins, and 
oligonucleotides (3). However, the lipid 
‘membrane that houses the nanopore is very 
fragile, diminishing the prospects for devel- 
oping practical sensors from this technol- 
ogy. Synthetic-nanopore sensors, in which 
the pore is bored into a chemically and 
mechanically stable membrane material 
(5-10), offer a possible solution, Current 
research in this area focuses on 1wo key 
questions: How ean synthetic pores with 
inside diameters approaching molecular 
dimensions (nanometers) be prepared? And 
hed so that selective 


re obtained! 

Two technologies are emerging as 
the front runners for preparing synthetic- 
anopore sensors. The first derives from 
microlithography and entails using a beam of 
electrons 5) or ions (6) to bore a hole through 
a thin membrane of an inorganic material 
such as silicon dioxide. The electron-beam 
‘method uses a transmission electron micro- 
scope. allowing the pore to be imaged during 
preparation (see the figure, middle panel). 
Pores with diameters as small as nm have 
been prepared (5). 

In the second technology. a thin plastic 
membrane is bombarded with a beam of 
high-energy particles to create damage 
tracks through the membrane, followed by 
chemical etching of these tracks to make 
the nanopores (11). This method has been 
used commercially for decades to prepare 
nanopore filters. More recently, GSI in 
Darmstadt, Germany, has developed simple 
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A peptide analyte 
‘HL nanopore (). 


6 | 
si0, 


Hectron micrograph of three nanopores with diferent diameters in 
silicon dioxide membranes (5), 


methods for preparing 
single-nanopore mem- 
branes of this type (/2). 
and for etching conical 
pores (see the figure, 
lower panel )( 13). Analyte 
species can be counted 
fone ata time as they tra- 
‘yere the narrow opening 
(ortip)of aconicalnano- 
pore (7), Sensors with tip 
openings of 2 nm have 


through the been described (7). 


Electron micrograph looking down a conicat 
‘nanopore in a polycarbonate membrane. 


Both microfabricated and track-etched 
nanopores have been used as sensors to count 
analyte species, including large DNAs, pro- 
teins, and small molecules (5-10). However, 
in most of these studies, the nanopore was 
not selective. The final challenge is to attach 
MRA to create analyte-selective sensors. 

There have been two reports of making 
MRA-functionalized sensors. In the first, 
protein binding MRAs (such as an antibody to 
the protein toxin ricin) were attached to track- 
eich protein sensors based on conical gold 
nanotubes (8), The MRAs wereattached tothe 
gold through simple thiol-based chemistry. 
The sensor was mounted between two salt 
solutions, and an ionic current was passed 
through the nanotube. The diameter of the 
nanotube tip was fine-tuned to match the size 
of the analyte protein (~5 nm) bound by the 
MRA. As a result, the tip became occluded 
upon protein binding. shutting off the ion cur- 
‘rent—an “inverse” ligand-gated ton channel. 


The sensor could detect subpicomolar protein 
concentrations (8). 

The second MRA synthetic-nanopore sen- 
sor (0) derives froman MRA-based oligonu- 
cleotide-transport membrane (/4), The pore 
‘was microfabricated in silicon dioxide, w 
is easy to functionalize using siloxane chem 
istry. An oligonucleotide served as the 
attached MRA, and the target analyte was the 
oligonucleotide sequence that is complimen- 
tary to the bound sequence. The current pulss 
for the analyte oligonucleotide could be dis- 
tinguished from pulses produced by oligonu- 
cleotides that did not bind to the attached 
MRA (/0)., 

Reliable methods are now available for 
preparing synthetic nanopores, and meth- 
ods for attaching the MRAs are known, but 
several challenges remain, First, bec: 
the c-HL nanopore is prepared by protein 
self-assembly, pore fabrication is very 
reproducible. It must be demonstrated that 
synthetic nanopores ean also be prepared 
reproducibly, Second. their long-term sta- 
bility (over months) must be explore 
Finally, with a-HL., genetic engineerin 
be used to attach the MRA at any desired 
location along the inside walls of the 
nanopore, A step toward such point-selec- 
tive MRA functionalization has recently 
been demonstrated with a synthetic nano- 
pore by depositing a material that binds the 
MRA at only one opening of the pore (/5). 
Synthetic nanopore sors could revolu- 
tionize biosensing, but much basic science 
remains to be done before this promise 
is realized, 
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(RET TOP PANEL, ADAPTED FROM: MODLE PANEL PROMS 


Motor Proteins at 


Work for Nanotechnology 


Martin G. L. van den Heuvel and Cees Dekker* 


The biological cell is equipped with a variety of molecular machines that perform complex 
mechanical tasks such as cell division or intracellular transport. One can envision employing 
these biological motors in artificial environments. We review the progress that has been made in 
using motor proteins for powering or manipulating nanoscale components. In particular, kinesin 
and myosin biomotors that move along linear biofilaments have been widely explored as active 
components. Currently realized applications are merely proof-of-principle demonstrations. Yet, 
the sheer availability of an entire ready-to-use toolbox of nanosized biological motors is great 


opportunity that calls for exploration. 


It is of interest 10 ponder whether we can 
employ these biological nanomachines in artifi- 
ial environments outside the cell to perform 
tasks that we design to our benefit (2, 3). Or, at 
the very least, can these proteins provide us with 


the inspiration 10 mimic biocomponents or de- 


sign anificial motors on comparable scales? 


‘Nature's Workhorses in the Cell 

In contrast to macroscopic machines, motor pro- 
{eins operate in a world where Brownian motion 
and viscous forces dominate, The relevant en- 
cengy scake here is hy7, the product of Boltzmann's 
constant and temperature, which amounts to 
4 pNeam. This may be compared to the ~80 
pNonm of energy derived from hydrolysis of a 
single ATP molecule at physiological condi- 
tions. Thermal, nondeterministic motion is thus 


huge amount of bi 
Jogical research in recent 
decades has spurred the 


ization thatthe living cell can 
be viewed as a miniature factory 
that contains a large collection of 
dedicated protein machines (/), 
nsider the complicate tasks 
that a single cell can perform: It 
‘can ereate a full copy of itself in 

hour, it can proof 
Han! repair enrors in its own 


DN. 
respond to it, ch 
and morphology, and obtain en- 
‘ery fom photosynthesis or me 
tabolism, using principles that are 
similar to solar cells or batteries. 
All this functionality derives trom 
thousands of sophisticated pro. 
teins, optimized by billions of 
years of evolution. At the mo- 
wwe can only dream of con- 
structing machines of similar 
size that possess just fraction 
‘of the functionality of these nat- 
tural wonders, 

One particular elass of pro- 
teins is formed by molecular 
which are cat- 
lytic proteins that contain moy- 
ing parts and use a source of 
free eneney 10 direct their mo- 
tion, Upon studying these motors, 
their resemblance to machines 
becomes more and more clea. 
We find rotary: motors that com- 
prise shafts and bearings, as well 
as linear motors that move alon 
tracks in a step-by-step fashion 


avi nstute of Nanoscience, Delt Univesity of Technology, 


Fig. 1. Motor proteins in the cell. (A) Representation of FoF, ATPase [reprinted 
with permission from (45); copyright 2006, Wiley-VCH]. (B) Representation of the 
bacterial flagellar motor (image courtesy of Kelichi Namba, Osaka University). Inset 
shows an electron microscopy image of the motor [reprinted with permission from 
(46); copyright 2001, Elsevier]. (C) Conventional kinesin and dynein transport 
‘argo in opposite directions along microtubules [adapted from (7)].(D) Kinesin is a 
processive motor, consisting of two heads, that walks in alternate steps of 8 rm 
along the microtubule [adapted from (6)]. (E) Muscle contraction is caused by the 
stiding of interdigitated actin and myosin filaments in a sarcomere unit. The 
nonprocessive myosin Ml motor detaches after each power stroke so as not to 
impede the further sliding of the actin filament caused by other mysosins adapted 
{rom (6)]. (F) RNA polymerase moves along a double-stranded DNA template, 
transcribing a RNA copy Gmage courtesy of D. 5. Goodsell, Scripps Research 
Institute. 


We find motors that are powered by chemical 
energy, derived from hydrolyzing adenosine ti- 


the super families of kinesin, dynein, 
Proteins (6) (Fig. 1, C to 


an. important aspect of the dy 
namics of motor proteins 

L's briefly consider. some 
examples of biomotors, The > 
tary engine FoF,-ATP synthase 
(Fig. 1A) synthesizes. ATP fiom 
adenosine diphosphate (ADP) 
and phosphate (4), The flow of 
provons 
tradient through th 
bound Fo, motor drives 10 
of the Fo ring a 
stalk connecting the Fo and Fy 
motors. This induces conforma- 
tional changes of the F, motor 
that drives the catalytic formation 
‘of ATP. Remarkably, the com: 
plex can also work in revene, 
using the eneqgy of ATP hydro 
ysis to drive the reverse rotation 
‘oF the Fy motor and subsequently 
pump protons against their elo 
twochemical gradient 

The rotary bacterial flagellar 
motor (Fig. 1B) is used by bate 
ria such as Escherichia coli as 
propulsion mechanism by spin- 
fing a helical flagellum (S). 7 
powerful moter, assembled from 
more than 20 different prove 
is driven by an inward. proton 
flux that is converted by sev= 
eral torqu ng stators 


a rotary motion of the ey- 
lindrical rings and central shat 


The motor generates org 
more than 10? pN-nim (250 fy 7) 
and rotates at speeds of over 
100 Hz (3). 

Linear-motion motors are 
found among the members of 
ind myosin 
These motors move 
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phosphate (ATP) mokscules (the cell's major ener 
gy cumency), and motors that employ a gradient 
of ions, using both electric and entropic faroes. 


in discrete sicps along tacks made of long 
protein polymers (actin filaments for myosin, 
‘microtubules for kinesin and dynein) that form 
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the cytoskeleton that extends throughout the cell. 
The structural polarity of these filaments (denoted 
by a phis and minus end) allows unidirectional 
movement of motors along their tracks. Cyto- 
skeletal motorsare involved in almost every aspect 
of controlled motion and force generation 
Within cells, such as intracellular transport of 
materials (Fig. 1€) (7), eel division, oF powering 
‘eukaryotic flagella andl cilia, The contraction of a 
muscle is driven by the orchestrated sliding of 
series of actin filaments with respect to arrays 
wyosin motors (Fig, 1E). Typically, a linear 
motor can wenerate forces of up 10 ~10 pN. 

Many other protcins exist that can use energy 
to perform work, such as ion channels, DNA- or 
RNA-processing enzymes (Fig. IF), ribosomes, 
‘or light-powered cketron pumps, but these fall 
‘outside the scope of this review 


‘Muscle Power for Nanotechnology 
‘One striking demonstration of a biomolocule 
powered nanostructure is the construction of a 
nickel nanopropeller that rotates thnoxigh the action 
engincered Fy-ATPase motor (8) (Fig. 2A). 
The direted assembly of the devices was con- 
trolled through genetic engineering of histidine tgs 
that stuck the Fy-ATPase onto nickel posts, with is 
‘contra stalk protruding upwards. This connected to 
nickel propeller of ~1 jum Kength through byotin- 
streptavidin bonds. Adkition of ATP caused r0- 
lation of the propeller. A metab-binding site was 
‘engineered into the motor and acta as a reversible 
omofl switch by obstructing the rotation upon 
binding of a zine ion (9), similar to the action of 
puting a stick benween two cogwheeks 

On a tanger seale, gliding bacteria have been 
used to power a micromechanical device comprise 
ng a cogwheelshaped rotor of 2041m diameter 
rotating in a silicon track (70), Bactersa herd 49 
the rotor, turing it with ~2 qin (Fig. 28) The in 
crease in size (cells compared with individual peo 
teins) is accompanied with lamer torques, together 
\with selfsrepairing properties. Cardiomyocytes (heart 
muscle) have been used to drive a selfassemblad 


muscle bundles, which were assembled onto 
0.1-mm lange two-legged SiOp structure, drove its 
stepwise movement with a speed of 38 jms 
Linear eytoskeletal kinesin and myosin motors 
have dominated the emerging fickd of proicin- 
powered deviees because they are relatively robust 
sand readily available. Actin and tubulin can be 
‘commercially purchased, whereas the motor pro- 
teins can be purified fiom cells or express in 
recombinant bacterial systems and harvested in 
lange quantities. In their most basic weometry, these 
motor systems are employed in a so-called gliding 
assay, in which the cytoskeletal filaments (usually 
about 1 to 20 jum in length) are propelled by 
surfice-bound motors (Fig. 2C). The rotational 
Alexibility of the motor stalks is high enou 
rotate the randomly bound motors into the comet 
‘oricntation for binding onto the microtubul 
actin filament. Phussend-ditected motors will then 
propel the filaments with their minus end leading, 
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Fig. 2. Motor proteins in nanotechnology. (A) An Fy-ATPase-powered nanopropeller [adapted from 
(8)]. Fluorescence images (133-ms interval) are from the earlier experiment (47) that first demonstrated 
the rotary motion of the Fr-ATPase motor by using a fluorescent actin filament connected to the stalk 
adapted with permission from (47); copyright 1997, Macmillan Publishers Ltd: Nature]. (B) A 
microrotor (201m diameter) powered by bacteria that adhere to the rotor and glide unidirectionally 
through the track. Photo images show the clockwise rotation of the rotor [adapted with permission from 
(10); copyright 2006, National Academy of Sciences USA). (C) Schematic of kinesin motor proteins 
adsorbed to a surface propelling a microtubule shuttle, which binds cargo such as a DNA molecules 


[reprinted with permission from (12); copyright 2003, American Chemi 


L Society (ACS). The 


fluorescence image shows kinesin-propelled microtubules moving through open polyurethane channels, 
[reprinted with permission from (26); copyright 2003, ACS]. The velocity of microtubules is typically 
about 1 jms, whereas actin motility can reach speeds up to 10 pms. 


Like nanoscale trucks, the microtubules or actin 
filaments can act as shuttles that transport an at 
tached cargo such as nanoparticles or DNA (/2) 
(Fig. 20, 

In an akemative geometry, motor-coated cargo 
can move along cytoskeletal filaments that ane 
adsorbed onto a substrate. This requires the 
controled placement of filaments onto a substa 
and precoating of the cargo with motors. The in 
verted gliding goomety offers better opportunities, 
however, for actuation, functionalization, assemb- 
iwol and is thus preferred. In general, 
motors attach to a single filament shuttle, 
0 that large forces >10 pN) cant be generated. 


Kinesin- and Myosin-Driven Transport on Chips 
One vision is that motor proteins will be used 
for controlled cargo. manipulation on a chip, 
sorting. separation, purifica- 
tion, oF assembly of materials (2, 13), To reach 
this goal, one neals to develop controlled motion 
along specific routes, directionality, coupling 10 
‘cargo, extemal contr, and sect 

A prerequisite of any useful transport system is 
that motion and transport can be (uni-) directionally 
guided along predesigned pathways When file 
ments are absorbed randomly anto a substrate, the 
direction of cargo transport is random as well Fig 
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3A), Therefore, considerable effixt has been 
rected at cresting confined motility by employing 
cither chemical patteming of active metor proteins 
(4) fabecated topographical patems (Fig. 34-11) 
(15, 16). \ disadvantage of purely chemical pattems 
inthat fiown thei racks, which 
‘curs when the lading end of the filament cannot 
find a new meior to bind to, whereas in purely 
‘topographically structured surfices the selectivity of 
functional motor absorption is los. 
aphical and chemical 
patteming (/7), with the motor protsins only atthe 
bottom of the trenches (Fig. 34-11), has proven to 
combine the best of both approaches with respect 
tubules 8) 
19), The recent use of enclosed ide 
logical 


final step inthe development toward co 
offering much better penpectives for packaging 
20), and for the addressability of individual 
filaments through electric fields or flows (27), 

Fe applications, it is desirable that 
‘motion occur unidirectionally. Because the motors 
bound to a surface are rotationally flexible, uni- 
icctional motion in gliding geometries can only 
be achieved through reorientation of the filaments 
Ope method exploits asymmetrical arow-shaped 
structures (/7) (Fig. 3B) that rely on the principle 
thatthe probability to traverse the rectifier structure 
sepends on the direction fiom which the filament 
sniers, This hands-off method can achieve up 10 
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92% efficient rectification per amow (22). A 
different, active-control method is to use extemal 
force fields that hend and align the leading end of 
{he motor-propelled filaments parallel to the fick, 
\Which can be electric (/5). magnetic (23), oF flow 
fields (24), By subsequent fixation of the fila 
ments to the underlying motors (using a chemical 
such as gluteraldchyde), the earpet can serve as a 
directionally aligned surface for motor-protein 
coated cangoes (25, 26) 

‘The coupling of cargo to protein shuatles is 
relatively straightforward, The simplest configura 
tion relies on the nonspecific clectrstatic or hydro 
phobic adsorption of cargo onto kinesin, which was 
used for unidirectional transport of materials such 
as gold, polystyrene, and glass (25). Biotin- 


in sensing applications. A similar example is the 
tse of microtubules coated with single-stranded 
DNA oligonucteotides, which could hybridize very 
specifically with its target DNA in solution, with 
sensitivity for a singk-basepair mismatch (3/). 
Another interesting approach is the report on 
myosiniven transport of gold nanowires (32). 
The nanowires were created by catalytic enlange- 
ment of gokd nanoparticles hound to actin filaments, 
while kaving some actin fe to interact with the 
Iyosin-coated surface. This method could offer 3 
way of assembling small electrical circuits. 

‘One way to achieve reversible starting and 
of the motility isto control the concen- 
tration of ATP or other necessary cofictors in 
solution. Light-controlled switching. of the mo- 


Fig. 3. Biomotor-driven transport. (A) Evolution in the confinement of motility. ) On flat surfaces, the motion 


of filaments i in random directions (fluorescence image at bottom). (I) To confine the motion, people 


ly 


used (top) chemical patterning of motors (as indicated by red x’) or (mide) topographical structuring of the 
substrates (Bottom) Scanning electron microscopy (SEM) image shows microfabricated channels in SiO (0 A 
‘combination of both methods proved more effective, Bottom image shows time-integrated fluorescence of actin 
filaments, which are mobile exclusively in the lettershaped tracks [reprinted with permission from (29); 
copyright 2004, institute of Physics Publishing]. (V) The use of submicrometer fuiic channels offers three 
‘dimensional (@D) confinement. (Bottom) SEM image ofa closed channel. (B) Arrow-shaped structures rectly the 
‘motility. Initially, the amount of microtubules fs equal in both reservoirs, but after 18 min most microtubules, 
have collected inthe left reservoir [reprinted with permission trom (17); copyright 2001, Biophysical Society]. 
(© A kinesin-propelied microtubule binds to and stretches a DNA molecule attached toa gold post [reprinted 
with permission from (27); copyright 2006, Wiley-VCH]. (D) Thermoresponsive polymers form a clever way of 
switching the motility on and off reprinted with permission from (35); copyright 2006, ACS] () An electric force 
is used to steer individual kinesin-propelled microtubules within an enclosed fluidic channel. 


fimctionatized microtubules and actin filaments 
‘can be interfced to any cargo with streptavidin 
‘groups, Using the inverted assay, transport of poty- 
styrene beads (/6), DNA molecules (/2, 27) (Fig. 
3C),and quantum dots (28)has been demonstrated. 

A disidvantge of these methods is that the 
cargo has to be prefinetionalized. Therelire, a 
promising and versatile method is the use of 
microtubules that are coated with antibodies to the 
‘cargo that needs to be transported (29, 30). This 
technique was used to pick up tobacco mosaic virus 
particles (29) and. specific proteins (30) from 
solution, Which can be advantageous, for example, 
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tility was achieved using caged ATP. an inactive 
form of ATP, in conjunction with hexokinase, 
an ATP-consuming enzyme. Flashes of ultra 
Violet (UV) light liberated the ATP, which was 
concurrently depleted by the hexokinase, creat- 
ing spikes in the motility that lasted several 
minutes (/6). A faster time response of about 
10s was obtained through simply flushing hexo- 
kinase or ATP into the flow cell (33), but this 
requires more elaborate handling, 

‘Temperature modulation in a flow cell, as 
through the faication of an eectrical heater on a 
cover slip, allowed for reversible control of the 
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‘elocity of actin filaments (34), although the motion 
could not be entirely stopped. Another method 
exphoits themo-responsive polymers on a surface 
40 control the motility of microtubules (35), The 
polymers, absorbed between the kinesin molecules, 
‘are in an extended configuration at fow temper 
‘atures, which then sterically prevent gliding of the 
microtubules (Fig. 3D), Increasing the temperature 
shrinks the polymers and allows the microtubules 


to interact with the motors, By spatial patieming of | 


these polymers, this technique can be of use for 
ling the density of motike microtubules. Another 
method of lecally gating the microtubule density 
has exploited electric fields to attract microtubules 
‘onto a kinesin-cowed gold surface (36) 

Control of the direction of individual micro- 
tubules has recently become possible through the 
use of electric or magnetic forees. By using 
enclosed fluidic channels, ane ean apply. strong 
‘electric fields very locally that act on the feat tp 
‘of a microtubule (which is electrically charged), In 
this way, individual microtubules approaching. Y 
junction can be steered int the desired direction by 
an eletrc field that is appicd through a channel 
perpendicular to the junction (Fig, 3E) (22), The 
‘combination of electric and fluidic technologies is 
advantageous for on-chip integration, Magnetic 
fields have been used to direct the motility of 
microtubules that were functionalized with smal 
magnetic paaicles (23). 

The latest advances in the field of biomo- 
Jecular motors in nanotechnology have made it 
clear that We can use motor proteins to drive 
nanoscale components and that we ean interface 
proieins selectively to different materials. We can 
‘control the plicement of motor proteins through 
selfassembly, confine their motion, and exert 
‘electrical, chemical, oF physical control, some- 
times even over singke proteins. These isolated 
demonstrations have, however, not yet been in 
tegrated into functional and usefll devices. Cur 
rently, denaturation of proteins fits the lifetime 
fof a regular gliding assay to several clays, alk 
though separation between fabrication and use 
‘of assembled devices can be achieved through 
fivering and lyophilization (37). 


Outlook: Will Biomotors Make Their Way? 
When people think of molecular motors and areas 
for their applications, they initially come up with 
sealedown extensions of macroscopic systems: 
rotary motors to drive a propeller, and tinear 
motors as locomotives pulling cargo. A recurring 
theme is the building of a molecular transport 
system or assembly line using kinesin or myosin 
motors (Fig. 4A). Indeed, applications. can be 
mained along these lines, where antibody- 
functionalized shuttles capture and separate target 
molecules that are present in otherwise undetect- 
ably low quantities in an analyte. Such a motor- 
assisted nanotechnology can be used for eoncen- 
tration of molecules and more sensitive detection, 

Other areas where a role for motor proteins 
is envisioned include the use of motors to drive 
and accelerate self-assembly processes of nano- 
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Fig. 4. Prospects and future directions. (A) Fictitious motor-protein-powered device that performs on- 
chip sorting of materials, assembly of different components, and concentrating another component for 
enhanced detection, (B) Polymer vesicles containing bacteriorhodopsin and FoF,ATP synthase create 
ATP from the light-driven proton gradient established over the membrane [reprinted with permission 
from (48); copyright 2005, ACS]. (C) Artificial molecular motors are a new development. Upon 
illumination with UV light, organic molecules embedded in a liquid-crystal film induce a reorganization 
of the film texture, driving the rotation of a glass particle. Photo images taken with 15-5 intervals 
{adapted with permission from (44); copyright 2006, Macmillan Publishers Ltd: Nature), 


structures (13), 10 power nanoscale mchan- 


bacteriaspowered cogwheel (Fig. 2B)), or to 
drive small Muidic pumps (38), Ideas for appli- 
cations that employ the massively parallel na- 
ture of autonomous molecular motors include 
the use of kinesin-propelled microtubules as a 
probe for surface topography (39) oF for bio- 
computational maze-solving, where a lange 
number of motile probes find different ways 
through « microtabricated maze (40) 

Many of these applications. are Vite more 
than proo.of-principle examples, for which more 
developed altemative technologies exist. For &x- 
ample, a biomolecular transport system should 
be gauged! against labon-a-chip or micto-total 
analysis systems, which are tity well established 
technologies. Perhaps, though, the applicability 
‘of biomotors is merely limited by the imagina- 
tion and creativity of researchers (inchiding us) 
Progress in the field will likely come from in- 
tegration of achievements of the past few years 
nto’ more complete and functional devices. Prom- 
ising in this respect is the sol-gel packaging of 
Vesicles containing bacteriorhoxopsin, a ight- 
driven proton pump, and FoF -ATP synthase 
(4/1) (Fig. 4B). Upon illumination of these sol 
gels, protons are pumped into the vesickes and 
ATP is created outside the vesicle by the ATP 
synthase. Besides the excellent stability of these 
gels (bacteriorhodopsin continued functioning 
for a month), this technology provides a con- 
Venient packaging method and a way t0 use light 
‘energy for fueling devices. Another interesting 
development is the engineering of polypeptides 


20 JULY 2007 VOL 317 SCIENCE 


that can specifically bind to inorganic materials 
(42), When engineered into motor proteins, this 
Technology could provide new opportunities for 
motor-driven nanoscale assembly of different 
materials. 

‘A related but ever: more futuristic field is the 
development of anificial molecular machines. by 
botiom-up organic chemistry (43). Artificial mo 
Jecular machines are synthesized molecules that 
‘can switch between different shapes upon illy- 
‘mination with light of through electrochemical 
reactions. An illustrative exarple is shown in Fig. 
4C. The mokular motor molecules, embedded 
within the surface of a textured liquid crystal film, 
induce the ration of a macroscopic glass particle 
‘through a continuous reonzaization of the film 
texture (44). Although the stability of these 
mokeeular machines is probably superior to pro 
teins, their contol, directionality, and interface 10 
the outside work! are yet far less developed (43). 

‘The small size and forceexerting capabilities 
‘of motor proteins and the range of opportunities 
for specific engineering give them unique advan- 
tages over current human-made motors. Upon 
studying and using biomotors, we will gather alot 
of knowledge tht is of interest to biology, material 
science, and chemistry, and it is reasonable to 
‘expect spin-offs for medicine, sensors, electronics, 
(or engineering. The exploation of biomotors in 
technokogy will this remain an interdisciplinary 
playground for many years to come. 
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Tumor Growth Need Not Be Driven by 
Rare Cancer Stem Cells 


Priscilla N. Kelly,*® Aleksandar Dakic,?? Jerry M. Adams,™* 


Stephen L. Nutt,"* Andreas Strasser*> 


ancer biologists are intrigued by the hy 
( pothesis that tumor growth may be sus- 

tained by rare subpopulation of the 
cells, termed cancer stem cells. Supporting this 
concept are the heterogeneous: cellukir compo 
sition of certain tumors and the finding that only a 
rinute proportion of the cells (=1/10°) in some 
hhuman acute myeloid Keukemia (AML) simples 
‘ean seed tumor growth when transplanted into 
sublethally radiated! nonobese diabetic (NOD) 
severe combined immunodeficient (seid) mice 
‘(). The interpretation of such xenotransplantation 
studies, however, is complicated by the critical 
role in tumor growth of interactions with the mi- 
‘eroenvironment, which are mesdited by both sok 
tuble and membrane-bound factors (2). Notably, 
many such mouse fictors cannot engage the cog- 
nate human receptor and vice versa (3). Thus, the 
low frequency of human AML cells producing 
tumors in NOD)seid mice might reflect in part the 
rarity of human tumor cells that ean readily adap 
to growth in a foreign (mouse) miticu. 

In our view, the frequency of cells that ean 
sustain tumor growth, and thus the generality of 
the cancer stem cell hypothesis, can best be tested 
by transfer of titrated numbers of mouse wmor 
cells into nionimadiated histocompatible repent 
nice. We isolated primary pre-B1B lymphoma 
cells from three independent Ejcmpe: transgenic 


mice and injected 10 10 10° cells into non- 
inmadiated congenic animals. Regardless of the cell 
rhumber injected, all recipients became moribund 
with disseminated lymphoma within 35. days 
(Table 1), Although the number of injected cells 
did not noticeably aflect tumor burden, organ 
infiltration, oF disease recipients of 10 0 
100 lymphoma cells usually developed tumors 
more slowly than those receiving 10° cells. Im- 
portanily, even transfer of a single cell elicited fatal 
Jymphowa in three of eight recipients within 33 40 
76 days (case 2) 

A small fraction (-2 10 5%) of the cells 
primary Eye lymphomas displayed the char- 
acteristic stem cell markers Sca-l andior AAA. 
However, when sorted Sea-1” AAS.1™ or Seal” 
AAS.1” lymphoma cells were transplanted, as 
fow as 10 cells of each population elicited fatal 
phoma within 17 10 40 days (Table 1). Si 
ilarly, with Ex-N-RAS thymic lymphomas and 
four independent cases of AML caused by PU. 
deficiency. recipients transplanted with as few as 
10 cells developed mors, although onset was 
delayed in mive receiving only 10 o¢ 100 AML 
cells (Table 1). For all three malignancies, the cell 
surfice marker phenotype (fig. SI), the gene ex- 
pression profile (fig. $2) and the invasiveness 
the transplanted tumors mimrored that of the pri- 
mary tumor 


Table 1. A large proportion of tumor cells can sustain the growth of murine tymphoid and myeloid 
‘malignancies, Cells from primary Ex-myc pre-B/B lymphomas, Ey-N-RAS thymic lymphomas, or PULI~~ 
‘AML, all from mice on a C57BU6 (LyS.2*) background (>15 backcrosses), were transplanted into 
nonirradiated congenic C57BU6 (Ly5.1") recipient mice. To circumwent problems associated with 
injection of low cell numbers, we mixed the tumor cells with 10° congenic (C57BU6-Ly5.1") spleen cells 
as carriers, Shown are the fraction of recipients that developed tumors and the average time from 
transplantation to tumor development. No mice (0/24) injected with carrier spleen cells alone developed 
‘any tumor over a 100-day period. ND, not determined. 


Recipients that developed tumors (days to kill) 


These observations challenge the concept that 
growth of AML, and possibly other malignan- 
ies, are always sustained by a rare cancer stem 
cell (J). Although cancer stem cells may well 
drive the growth of many cancers, particularly 
those displaying extensive differentiation, our 
studies of mouse lymphomas and leukemias in- 
dicate that at least certain malignancies (partic: 
ularly those with substantial homogeneity) can 
be maintained by a relatively large proportion 
© 10%) of tumorcells, perhaps even the majority 
Although mouse and human tumors differ in 
notable respects, the marked disparity with 1e- 
sults from human AML cells (/) suggests that 
xenotransplantation may underestimate the per- 
centage of tumor-sustaining cells, With common 
thurman solid tumors (for example, brain, colon, 
and breast), transplantation places the wmor 
growth sustaining cells within subpopulations 
(lor example, CD133") that compose up 10 20% 
of the cals (4-6), and most ofthe remaining e 
‘might be at differentiation stages unsupportable 
bby the mouse microenvironment. The reported 
rarity of cancer stem cells it AML (1) anid colon 
cancer (4) might reflect the need to cotransfer an 
cesential human accessory cell (we note that en- 
dothetial cell progenitors are also C133") 

Determining whether the growth of various 
tumors is sustained by most of the tumor cells ot 
bby a rare subpopulation has important ramifica- 
tions forthe design of novel therapies, Therefore, 
the cancer stem cell hypothesis merits mote rig- 
tumors, ultimately this 
Will require transfer of tumor cell into mice ine 
stalled with all the requisite human support ects 
Lastly, because the term “eancer stem cell” also 
‘currently designates the nonmal cel that founded 
f We suggest that the cells sustaining 
growth of an established tumor be referred 40 as 
“wimor propagating cells.” 
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10° cells 10” cells 10” celts 10 cells 
Eu-mye B lymphoma 
Case 1 32 (25) 33 (25) 3/3 G2) ROO feuas 
Case 2 33 @) 33 @3) 33.24) 3/3 (24) lerences and Nees 
Case 3 Sca-1* AAG.1" 3/3 (2) 33 (21) ND 33 (17) 
Seat” AAG. 2247) 22 (28) 22 28) 2240) so.rr26isienc. 1142596 
Eu NERAS T lymphoma 
Case 1 3 (28) 373 (42) 3/3 @8) 38 (28) 
Pus AML 
Case 1 vi is) 22 (168) 121192) oz 
Case 2 22 (84) 22 (85) 22 (224) 21a) Mista. 
Case 3 11 (85) 22 (62) 22 69) 22 (90) 
Case 4 11 Go) v1.37) 22.079) 212 (88) ee 
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Common Sequence Polymorphisms 
Shaping Genetic Diversity in 
Arabidopsis thaliana 

Richard M. Clark,? Gabriele Schweikert,*?* Christopher Toomajian,** Stephan Ossowski,’* 
Georg Zeller,**** Paul Shinn,* Norman Warthmann,* Tina T. Hu,* Glenn Fu,” David A. Hinds,” 


Huaming Chen,® Kelly A. Frazer,” Daniel H. Huson,® Bernhard Schélkopf,? Magnus Nordborg,* 
Gunnar Ratsch,? Joseph R. Ecker,* Detlef Weigel™*+ 


The genomes of individuals from the same species vary in sequence as a result of different evolutionary 
processes. To examine the pattems of, and the forces shaping, sequence variation in Arabidopsis 
thatiana, we performed high-density array resequencing of 20 diverse strains (accessions). More than 


11 million nonredundant 


ingle-nucleotide polymorphisms (SNPs) were identified at moderate false 


discovery rates (FDRS), and ~4% of the genome was identified as being highly dissimilar or deleted 
relative to the reference genome sequence. Patterns of polymorphism are highly nonrandom among 
‘gene families, with genes mediating interaction with the biotic environment having exceptional 
polymorphism levels. At the chromosomal scale, regional variation in polymorphism was readily 
apparent. A scan for recent selective sweeps revealed several candidate regions, including 3 notable 
‘example in which almost all variation was removed in a 5O0-kilobase window. Analyzing the 
polymorphisms we describe in larger sets of accessions will enable a detailed understanding of forces 
shaping population-wide sequence variation in A. thaliana. 


Jomprchensive polymomphi da are essen 
( ti for the systeretic identification of se 
‘quence varints alécting phenotypes (0) 
Despite progress with new technologies, eet re- 
sequencing of individual genomes isnot yet cost 
clfective for most ensinsams (2). High-density oligo- 
ruck aay provid an alkemative apprcoch for 
ppolymemhism detection and have been used to ion 
tify alae fraction ofthe SNP varia inthe human 
and the mouse (3, 9. We applied this technology 19 
20 wild accessions of AL thaliana, for which a 
_zoneme sequence fiom a singke accession wats ger: 
cera! in the year 2000 (5). The resulting polymee- 
phism data set captures much of the common 
sequence variation in the worldwide thaliana pop- 
tlation. We used this infomation to systematically 
termine the types of sequences an genes that ifr 
between aocessions and to provide high-resolution 
description ofthe genome-wide distribution of poly 
‘morphism in ths muiceubr reference organiser. 
Sample selection, array design, and poly- 
morphism detection. For polymorphism discov~ 
ery, We selectex! accessions with maximal enetic 
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diversity (6, 7) In addition, we chose several 
commonly used strains, such as Ler-I (table SI). 
‘CohO, the reference accession, was included as a 
control For 19 of the 20 acorsions (7), 1213 
ugments of ~S00 base pairs (bp) in Kent, which 
\were spaced throughout the encene, had previous 
ly been sampled by didcoxy sequencing: between 
2266 anal 3949 nucleotide substitutions per acces 
sion relative to Col0 had been identified (6). This 
data set, called “2010,” allowed us to assess the 
quality of our polymorphism predictions. 

Whole-genome amplified DNA from each 
accession was hybridized to resequencing m 
‘croarrays interogating >99.99% of bases in the 
119-Mb reference genome sequence (7), Each po- 
sition was queried with forwand- and reverse-trand 
probe quartets consisting of oligonucleotides of 
length 25 (fig. $1). Within a probe quartet all four 
nucleotides were represented at the central pos 
tion, and differences in rebate inlnsities across 
probe quartets indicated potential SNPs. For tght- 
Iy linked SNPS, however, all probes harbor a least 
fone mismatch, hybridization is suppressed, ant 
SNP detection is confounded (lig. SI). 

We sed two computational methods w detect 
SNPs at 105,920,272 peitions that were not highly 
repetitive (7) table S2 and fig. 2) In A. thaliana, 
the sequence composition (ie, GC content) and 
Jow polymorphism levels typical for coding 
sequences are favorable for hybridization-based 
'SNP detection (7). Accondingly, recovery of SNPs 
with a model-based (MB) algorithm (3. 4) was 
higher for coding than for noncoding regions (36 
versus 15%) at a coresponding FDR that was 
only one-third as high (Fig. 1A). An average of 
96814 SNPs were identified per accession by the 
MB method, fora total of 456,956 nonredundant 
SNPs (Fig. IB and table 


We abo developed a machine kaming (ML) 
method with support vector machines (8, 9) for 
'SNP identification (7) (igs. $3 to $8). The taining 
step exploited the 2010 data, and as input we used 
information for all oligonucleotide probes come- 
sponding to positions within a 9-bp window cen- 
‘erad en candidate polymomphisms (7) In addition 
to hybridization data, we included as inputs se- 
quence characteristics and genome-wide repetitive 
es of probes (tables $$ and $6), The ML method 
assigns a probability to cach prediction, and we 
generated 440,657 to 1,074,055 noneduralant SNP 
Predictions overa corresponding range of FDRS 
from 2 to 10% (7, 10). Performance of the ML 
method was inferior to the MB method for cod- 
ing sequences but superior for noncoding, se- 
quences (Fig. 1, A and B, and table $3), 
‘When the FDR fir the ML methox! was at 2 
the FDR and recovery forthe ML and MB metho 
Were similar; however, the two methods were 
‘complementary, with 07% of preitionss make with 
‘nly one of the methouts (Fig, 1C), This resulted, in 
part, from differing performanc 
Dhic regions (Fig, 1D), Recall for SNPs more d 
30 bp fiom another SNP or insertion or deletion 
{indel) was higher for the MB method, whereas 
recall for SNPS separated by 7 t0 30 bp from 
nicarby polymorphism was about two times as 
high for the ML method! For very closely linked 
'SNPS(=7 bp. recovery was low with both method's 
(-3%%). EDRs for both methods pe 
of ow hybridization quality (Fig. 1E),an effect of 
sequence divergence but also of other factors (7). 
For subsequent analyses, we combined all 
MB predictions with ML predictions supported 
at a 2% FDR. The resulting data set, *MBML 
consisted of 648,870 nonredundant SNPs (7, 10) 
(Fig, 2), an average of one polymorphic site per 
166 nontepetitive positions in the genome. With- 
in MBML2, SNPs supported by both methods 
have a very low FDR of -0.2%, whereas SNPS 
supported by only one method! have corresponl- 
ingly higher FDRs (Table 1 and table $3). A 
caveat for our error estimates is that 2010 dat 
‘which we used for specificity and sensitivity as- 
sessment of the two prediction methods, are un= 
derrepresented for noncoding sequences, repeats, 
es not similar to the reference (6 7). 
fn SNP’, deletions or sequences highly 


it SI). We developed a heuristic algorithm 1 
Mentfy tracts of reduced hybridization extending 
«ver meee than ~200 bp (7) (fas. $9 and S10) The 
median Jength of 13.470 polymomhic region pre- 
dictions (PRPS) generated across all accessions With 
this algorithm was S89 bps the longest wats 41.2 kb 
(1. tn the 2010 dataset, which was ascertained by 
polymerase chain reaction (PCR), missing dita comre- 
spond in part 10 highly polymorphic or delted 
regions. Consistent with high specificity for PRPS a 
162-fold overepresertation was observed! between 
PRPs and absent data in 2010. We also attemped 
\aldation of 382 PRPS by PCR and sequencing, ob- 
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tained complete or pata sequence data for 171 pro 
ducts, and identified 124 deletions ranging from 
50 bp to more thn 10 Kb, In all other cass, PRPS 
‘comesponde to chusers of SNPS or smal indels (table 
S11). Many deletions or clusters of polymamphisms 
‘extended beyond PRP boundaries, potentially con- 
Inibuting to the high failure nie for validation at- 
tempes (55%). Where sequence data were available, 
98.6% of bases in PRPS were cither deleted or 
Within 6 bp of a SNP or indel polymoephism (7) 
Neatly 4.1% of the reference genome sequence Was 
included in PRPS, with transposon and pseudlogene 
sequences overrepresented 3.5-fold (Fig, 2) 

‘To complement polymomphism predictions, 
‘we developed base-calling algorithm to identify 
Positions identical to the reference at low FDRs 
(7). Between 80.3 and 92.3% of eoding positions 
and between 39.7 and 61.2% of intergenic posi- 


tions were predicted 10 be the sime as the ref 
‘erence in the different accessions (table $8). W 
‘combined these reference base calls with MBML2 
to generate pseudochromosome sequences for 
each of the 20 accessions (1). 

Effects of polymorphisms on genes. To 
ccharacteriae genome evolution in A. dhaliana, we 
assessed eflects of the nonredundant MBML2 
SNPS on the 26.541 annotated protein-coding genes 
(72) In addition to SNPs resting in 109979 amino 
acid changes, we identified many SNES with large 
effects on gone integrity. In thisclass, 1227 intrxduce 
Premature stop codons, 156 alter intistion methio- 
nine residves, and 435 kead to nonfunctional splice 
donor oF acceptor sites (10) (able S9). Aso, 19% 
SNPS remove annotated sip codons, resulting in 
longer open reading ffames. Given that Lnge-flcct 
SNPS are expected to be uncommon in the genome 
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1. Comparison of SNP detection methods, (A) FOR-dependent recovery of 48,700 known SNPs in 2010 


fragments by the MB and ML methods. Because of small sample size for untranslated region (UTR) SNP in 
2010, this group was combined with intron sequences. (B) FDR-dependent recovery across the entire genome 
by both methods with precision estimates from 2010. The FDR forall SNPS is also given with a correction for 
both methods to account forthe diferent sequence composition of 2010 and the whole genome. (Q) Overlap 
between genome-wide MB and ML calls across all accessions. (D) Recovery frequency for SNPs as 2 function of 
distance to the nearest polymorphic feature. Analysis was based on 2010 sites with sufient flanking 
‘information to assign bin membership. Sample sizes per bin are shown at the top. (E) FDRS for MB and Ni 
predictions as a function of the mean quality score for the forward- and reverse-strand probe quartets. 
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sete to all SNPS, FDRs for this SNP subess 
‘might differ fom that for MBML2 as a whole, To 
rule out dhe possibility that lanze-cffot SNPs res 
‘reckaminanly from fake SNP calls, we assayed 701 
of thee predictions dinxtly (able $9), Dideoxy- 
senting valle 650 Sty inhaling 413 
in premature stop codons (table S10). At 
Te be FOR tr lrge-flcct SNPS is moderately 
higher than for an average SNP in MBML2 (7). In 
total, 1614 genes harbor at Kast one hige-etfoct SNP. 
Jn adkition, the coding regions of 1191 genes ane 
Aust partly included in PRPS that is, they are 
Tadiy peti ordi The veri teren 
two chase i greater than expected by clance 
be 186.1, df=2, P< 10), Together, lange-cflect 
SSNPS and PRPS, hereafter refered to simply: as 
“major-effect changes,” affected 2495, oF 9.4%, 
of A. thaliana protein-coding genes. 
The number of genes harboring major-fleet 
changes varies significantly according to annotation 
? = 2392, 10%), duplication 
df= 2, P< 10), and gene 
311.6, df= 12, P< 10) (Fig, 3A), 
CCometion for gene size and repetitive eantent des 
‘ot appreciably change the observed pattems (fig 
S11). By annotation, genes known to be expressed 
but lacking functional support or high homology 
Expressed unknown”), as well as genes without 
expression support (Not expressed”), ane over- 
represented, In addition, of 36 4. thaliana yenes 
that either lack or have only moderate similarity 
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Fig. 2. Distribution of SNPs in MBML2 and 
positions included in PRPs compared with 
sequences tiled on arrays. 
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10 genes in Populus trichocarpa (7), the closest 
sequenced genome 10 , thaliana (13), 26.0% 
harbor major-eflect changes, compared with 


8.9% of all other genes. Poor gene annotation 

likely contributes to this effect, but rapid gene 

evolution may also play a part. 

Table 1. SNPs identified per accession in MBMLZ with FDR and recovery assessed against 2010. 
Mean no. SNPs per accession by method [Mean FDR (94): Mean recovery (%] 


SNP type Total (MB only MB 9 ML ‘ML only 
Coding 53,700 (2,0: 48.0] 11,379 (3.2: 11.3] 27,833 0.1: 24.6] 14,488 (4.8: 12.11 
Intron+UTR — 29,395 13.1: 20.5] 5,762 (9.6: 43] 11,652 (0.4: 8.8] 11,981 [26:75] 
Intergenic 60,478 [3.5: 24.4] 22,395 [73: 7.7] 20,107 (3.6: 65] 
Al 143572 (2.8: 27.7] 39,536 16.5: 7.0] $7,461 (0.2:13.7] 46,575 (3.7: 7.8] 
A Major elect changes by gene category) 
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Fig. 3. Distribution of major-effect changes and allele frequencies. (A) Fraction of genes affected by 
large-effect SNPs or PRPs by gene category. “Large-effect SNP and PRP” (black) denotes a gene harboring 
both types of polymorphism, either within the same accession or in different accessions. Genes that were 
entirely mashed as repetitive, and for which no SNPs could be predicted, were excluded from analysis. 
RING, Really Interesting New Gene. (B) Minor allele frequency by SNP type and gene family. Only 
positions with complete data for at least 16 of the 20 accessions were assessed. The number of 
polymorphic positions included in the analysis is shown in the inset. For large-effect SNPs, “Other” 
‘nclides nonfunctional splice site changes, substitutions in initiation methionine codons, and substitutions 
that remove termination codons. Error bars dente 95% confidence intervals for binomial expectations. 
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Consistent with relaxed purifying selection fo 
Fowing ment gene duplication (14), tandem due 
plicates are 34 and 17-fld ovemepresenic for 
majrefioct changes rative 10 scementlly dupli- 
canal and nondupicad senss respectively (Fie 3A) 
Scenentlly duphicated genes in A salar result 
fiom ancint genomeavide duplications (5, 5}; these 
snes hubor wlavely few mretiect changes, 
\which is consisont with cater work sasuxsting that 
aplicacs porising over long evoktionary time 
feancs we unc stong pusifving scketion (13, 14), 

Analysis of individual gcne families provide 
aditional insights. Families involved in basic 
biological processes (such as ribosomal! funetion), 
a well as fails involved in transcriptional 
Uti [such as MYB and basic helix doopshelix 
{HILL tanscription factors, harbor relatively few 
majorflect changes (Fig. 3A), In contrast, ney 
4% of nucleotiebindine leucine-ich repeat (NB- 
LRR) genes (7) and 15% of receptorike kin 
(RLK) genes harbor at Heast_one major-ffest 
change. The only function assigned to members of 
the NB-LRR- gene family is in strainspecitic 
resistance w pathogens (76), and receptors of this 
cigs can be exceedingly variable, as presence an 
absence polymomphisms are commen in A. alan 
sand ether plas (7-9) Our data indica that this 
extends the majority of N-LRR genes in the 
‘huliana genome. Abhough they have diverse 
fimetions (20), RLK genes have also bon impli- 
cata! in race-spcifc pathogen dense (27). Thus, 
the finding that RLK genes are overrepresented! for 
majoreflect changes raises the possibility tha this 
is, similar 19 NB-LRR genes, a consequonce of 
fines mde-otls between pathogen dense and 
growth 22) 

We found major-effect changes in 143 mem 
ters of the F-box superfamily, which comprises 
more than 660 genes in A daliana (23) Fig. 3A) 
This finding, in combination with other data 
(13, 20, shows that F-box genes have undergone 
rapid birth and death in the A. thaliana genome, 
Although F-box genes have been proposed t0 
evolve quickly in response to pathogen pressure 
(24), experimental support for this hypothesis is 
lacking. The polymorphisms we describe provide 
resource for ascribing biological roles to members 
of this larg, yet not wellcharatrized, gene fail 

Signatures of selection by SNP type and gene 
family. To assess the extent to which the variation 
we observed has been shpat by selection, we 
cxaminad alll fcquency distbutions for diffrent 
clases of polymorphisms. Consistent wth general 
expectations for scktive eonsiaints in coding 
sequences, there is a skew toward lowsfrequency 
‘variants at nonsynonymous relative to synonyms 
sits (6) (Fig. 3B). This skew is most notable for 
SNPs hat introxhuce premature stp codons and less 
extreme for other lage-flect SNPS. The tendency 
of SNPs causing premature stops to be rare suggests 
that, at Keast under natural settings, these changes 
av ofien asociated with fitness cass. 

Although allele frequency distributions across 
gene fumilics are broadly similar, NB-LRR genes 
ame an exception (Fig. 3B and fig. S12). Here, 
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both nonsynonymous and! synonymous variants 
are strongly skewed toward high frequency com- 
pared with the genome average (Fig. 3B). This 
shift is a hallmark of some type of balancing 
selection (perhaps in the form of regional adap- 
tation), and agrees with earlier work, on the basis 
‘of fewer family members, that suggest this mode 
‘of selection to be not uncommon for NB-LRR 
genes in A, thaliana (17, 19, 
prediction of balancing selection isa higher-than- 
average level of polymorphism because of the 
maintenance of relatively ancient, highly diverged 
alleles, Consistent with this expectation, more than 
30% of NB-LRR genes are at least partially in- 
‘chidal in PRPS (Fig. 3A), many of which correspond 
to highly dissimilar sequences. Although less 
extreme, a similar allele frequency skew and 
high number of PRPs were observed for RLK 
genes (Fig. 3A and fig. S12), Although F-box 
‘genes harbor the second-highest occurrence of 
major-effeet changes, allele frequency distri- 
butions are similar to the average (Fig. 3B). 
Genome-wide patterns of polymorphism, 
‘Tuming to bread pattems of variation, we found a 
‘mikey nonrandom distribution of polymorphism 
levels across the genome (Fig. 4). Regions of high 
polymorphism extend tiem the centromeres 10 
beyond the pericentromeric regions. Similarly. 
clusters of NB-LRR genes (7, 25) are associated 


Fig. 4. Genome-wide 
pattem of nucleotide oi- 


With high levels of polymeaphisn (e, between 21 
and 25 Mb on chromesome 1). 

Ihis difficult to determine the reasons for these 
pattems. Given that they ane evident for both 
‘synonymous and intergenic polymorphism, di- 
rect selection on the polymorphic sites seems un- 
likely, akthough selection on linked sites may 
either inerease or decrease variation (6). Mutation 
rates may also differ between chromosomal 
regions because of differences in base compo- 
sition. Finally, there are almost certainly biases in 
the array-based resequencing—eg., due to 
regional differences in repeat content (7). 

‘We bebeve tht all three explanations contribute 
to the observed pats. In a mulipke regression, the 
‘estimated polymorphism levels are significantly 
cerelaed with several variables, including repeat 
density, GC coment, faction of missing data, dis- 
tance from the centromere, and density of NB-LRR 
‘genes (able S12) The pattems ane, however, not 
simply an artifact of the resequencing technology; 
they are abo evident in resequeneing ats obtained 
with cher techniques (6, 26) (ig. S13). For the re- 
«gions around NB-LRR gene chisers, polymoepisn 
was clevated even when the NB-LRR.goncs them 
selves were excladal (ig. S14), and polymorphism 
was ako elevate in intergenic DNA, Ponvasive b= 
lancing scketion acting on thoe gones, as suggested 
bby the results in Fig. 3B and other studi (17) is a 


RESEARCH ARTICLE [ 


holy explanation. Balancing selection can increase 
coakscae times for rgions linked to selectively 
‘maintained polymorphisms (27), a phenomenon 
that should be more casily detected in selfing 
organisms (28) and that has been reported for 
A. thaliana (22, 29, 30), Chasers of tightly liked 
gens; subject wo balancing selection, suchas NB-LRR. 
sss (25) (Fig 4), may give tse to regions of high 
polymorphism similar to what has been observed 
for the vercbrate mgjor histocamputiilty complex 
snes (3/, 32). The fonhcoming A. Arai genome 
sequence (335) will be instrumental in analyzing th 
data finher, because it will allow divergence to be 
estimated between these two closely related speck 
‘This will be essential for determining the relat 
portance of selection vests mutation-rate variation, 

In contrast, regions of ow polymorphisan might 
reflect recent positive selection, or"selectve sweeps” 
G4, 35) characterized by extensive haplotype 
sharing. A stuly with 2010 data found strong 
evidence for two separate partial sweeps involving 
Inactivation of FR/.a major determinant of lowering 
time in natural popuaitions of A, dhaliana (36), The 


‘versity. Average pairwise bd 
nucleotide diversity is 

Plotted for both fourfold 908 
degenerate synonymous 

andl intergenic sites along 0.000, 
‘each chromosome with, 

stiding windows of 250018 
kb (counted from all sites) 

with an offset of 100 kb 0008 
(A. GC content in each 

window was calculated 0000 
from sites called in the 

ColO sample and has % cow 
been rescaled 50 35% is 

atthe bottom of each plot 0008 
and 475% is at the top. 

The broad peaks of repet- 3 oco0 
itive probe density on each 
chromosome correspond ove 
to the centromeric and 
pericentromeric regions. oon 
Repeat content has been / 
rescaledso 100% ibatthe 00 
top of each plot and OM is 

at the bottom. Levels of core 
polymorphism for both 

fourfold degenerate and goon 
intergenic sites are signif 

cantly negatively corre 09 


lated with the distance to 
the centromere and posi- 
tively correlated with the 


number of NB-LRR genes in nonoverlapping S0-kb windows (table $12). Polymorphism is reduced at intergenic 
relative to synonymous sites, which is partly due to lower recovery of SNPs in intergenic regions (e.g, Fig. 14). 
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o 5 0 15 
Position (MB) 


20 25 «30 


Fig. 5. Regions of extensive pairwise haplotype 
sharing along chromosome 1. Accession pairs are 
sorted along the y axis. Horizontal red lines 
demarcate comparisons using one accession, Each 
possible painvise comparison is shown only once. 
Black lines indicate regions of very high similarity 
between a pair of accessions. The region between 
20 and 21 Mb exhibits extensive haplotype sharing 
‘over nearly 500 kb in all but two accessions, Cvi-0 
and Lov-5, which are shown at the bottom, 
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current data set confirmed extensive Inplorype 
sharing of up 10 600 kb around FRI (ig. S15), as 
Well as haplotype sharing around other Jow- 
frequency candidate alleles (36) (ia. S16). 

‘We looked for evidence of additional sweeps in 
the form of extensive hapltype sharing across. at 
least SOkb (Fig. Sand figs S17 10 S19), Because of 
its composition and size our sample is only suited 
for discovering spocies-wide sweeps. We did not 
find evidence of a recent sweep affecting all 
accessions. However, an chromasome 1 all but 
two accessions were nearly identical for approxi- 
mately $00 kb (Fig. 5). The two unaffected 
accessions, Cvi- and Lov-S, are from the periphery 
ofthe 4, thaliana range and may have escaped the 
sweep because of dillerent selective environments 
‘or geographic isolation, The region of most extreme 
haplotype sharing extends from 20.34 10 20.49 Mb 
and ontains $0 annotated yenes table S13). There 
‘are several additional candidates for sweeps 
affecting a smaller number of accessions (igs. S17 
to S20), With the SNPS identified in this project ant 
theabilty to determine their feguences in hundreds 
to thousands of accessions (37), the goal of 
understanding the forces shaping diversity a global, 
regional, and local scales will soon be within reach, 

Conclusions. We ised aray-bused metho to 
{generate a comprehensive polymorphism rescue 
ford. thaliana, Our SNP data sts highly applicabhe 
for linkage disequilibrium mapping. studies. In 
acklition, we identified hundreds of thousands of 
polymomhisms in beth coding and noncoxting 1 
sgons, providing an impostant resource for beth evo- 
Jutionary genetic and fimeticeal stcs. Recently, 
studies in plants with kine, repstiive genomes, fe 
Iaize (genome size ~2.5 Gi), have shown that as 
much as SO% of sequmnces can difler between 
strains (28), In contrast to these plans, A. saan 
has a compact seniome consisting laeely of unique 
sequences, Nevertheless, cur dt highlight tht even 
fi species with streamlined) genonnes, individuals 
ean ditler substantially in genic content. 


Mutations. identified in laboratory phenotypic 
screens typically have marked phenotypic effets that 
ae fkely detrimental in the wild. The gems se 
regating for majerefiect changes in our popuition 
have few known mutant phenotypes (tales S10 anni 
SID), but nonetheless, allele frequency patems ss- 
‘gest fanctional constaings unk ntl conditions. 
‘Variation in copy number for genic sequences may 
cexphin this oervation: in a given aovession, higher 
constaint may be observed if a paralog is absent 
Nevertheless 3s highlighted by the cument study, 
many genes harboring majr-cféct changes in will 
Populations are likely to mediate interactions with the 
environment. Ukimately, experiments under more 
natural conditions willbe required to filly appreciate 
the fimetional relevance of such sequence variation. 


References and Notes 

1 The Intemational HapMap Consortiom, Notre 437, 
1299 (2005) 

2. |. Ming, Not. Biotechnol. 23, 1333 (2005) 

3 D.A Minh e of, Science 307, 1072 (2005) 

‘& W.Patl et of, Sdence 294, 1729 2001) 

‘5, The Arabidopsis Gerome nitstve, Notre 4D8, 796 2000) 

6 ML Noxdborg eto, PLoS Biol. 3, «196 (2005) 

7. Materials and methods ae avaiable as supporting 
‘material on Science One 

1B Schdhopl, A Sea, Leaming with Kana’ 

(Press, Camtride, MA, 2002) 

49. VN. Vapni, Estimotion of Dependences Based on 
LEmpericol Data (Spinge, New York, 1982; reprirted by 
Soringet, Mew York, 2008, 

10, SMP and PRP data Sets along with ettects on genes and 
‘reudochromoseme vequnces are hosted at The 
‘obidops nlomaon Resource (AR) 

(worn arabidopss 99. 

11, DLA Hind, AP Kloek, ML Jen, X. Chen, K. A Frazer, 
‘Not Genet. 38, 82 (2008. 

12. TAR annotation Version & brim nisin ih gov 
‘mapviewmap_ search <gasd=3702) 

1B. GA Tuskan et ol, Science 313, 1596 2006), 

14. ML lynch, | 5. Cooery, Scion 290, 1151 2000), 

4S. G Blanc K Hakamp, KH, Wolle, Genome Res. 13, 137 
(2003). 

16, 1D Janes |. L Dang Notwe 444, 323 (2006) 

17. E.G Baller, C Toomajian, M. Kreiiman, |. Bergeon, 
‘Alst Cll 18, 1803 (2006). 

1B. MLR Geant eto, roc. Not. Acod Sc USA 95, 15843, 
A978, 


19, J Shen Acai L Chen, 1,9. hen, Tan, Genesis 
172, 1283 2006. 
20. SH Shia A. 6. Beeches, Se STE 2003, R22 2001) 
21 W. Song to, cence 270, 1808 (1995). 
22. EA Stahl G. Omer, R Moura, Krein, 
1 Bergeon, Nore 400,667 (1999) 
23. E tenes, P Achar, A Vans, T,Ptscha, 
P. Gens Cr Opin, Rot Biol. 9,631 (2000. 
24. HThamas, Genome Res, 16, 1017 2006), 
25. B.C Meyers A Kaa, A, Grego, H.Kuag, 
 W.Micblmor, Pon Cel 5, 809 (2003. 
26. K 1 Schmid. Ramos Osis, 1. Rng Becstei, 
8 Wish. Michel Os, Genetics 369, 1601 (2009. 
27. RL Hudson, ML Kaplan, Gents 220, 831 (988) 
28. M Nerd, Genetic 146, 1501 (1997) 
29 | toymann T, the Os, Notre 438, 95 (2008 
30. Da, HA, tb. Bergeon, M.Keiman, 
roc Nott Acad, Sc. USA 9, 13525 (2002, 
31 ALL Hghes ML el Notre 338,167 (988. 
32M. Noro, H. nan, Gents 363, 1201 (2003. 
33, ghd coverage fr A. rota and Copel relat 
being generated by the Joint Genome Intute 
(ride ge 
34 ACL Kaplan CR. Hut, CM, Langley, Genetics 323, 
887 1909. 
35. 1 M Sith, | aig, Genet. Rex 23, 23 (974), 
34 C Toanajin eto, Pte Bik 4, €137 2006), 
37, A.C Syren, Nat Genet. 37 (Sup, $5 (2005) 
M.Moxgont, Cur. Opin. Botechnol. 17, 168 2004, 
‘We Bank 6, Nebo ad Hug fr borat 
supper Rupa aM Mareen fr inlomatn 
imagenes T Aan). Bret Cea, and 
Sho fr seed tox. Gagne 0. Gngich, 
A ert, L Steck, and van Fer fr proving gee 
tani er tomeagy tomato. and Sheba or 
ep onions Supported by Iron Fund the 
fax Pc Society MI 01002790 0M. Waterman, ond 
61629521}. hr ae 0), NS (08-018062 10K, 
and 00-0520253 to} RE), an HH Maton Reeath 
‘Sere And foi 1 Cond ae faring fom the 
Ax Pd Sac Ds aie of he Max Rack 
teste, Sequence data hve been deposed in Gena 
(cceson codes 11006609 102088, 
Supporting Online Material 
wn cencemag orpcrtentl 31 3/330/0C1 
ates ad Methods 
Figs 51 10520 
Tables St to S15 
Aeterences and Nts 
11 December 200 accepted 7 June 2007 
1.1126shence. 1138632 


se 


342 


Imaging the Surface of Altair 


John D. Monnier,”* M. Zhao,” E. Pedretti,? N. Thureau,” M. Ireland,* P. Muirhead,* 
JeP, Berger,® R. Millan-Gabet,’ G. Van Belle,’ T. ten Brummelaar,® H. McAlister,” 


'S. Ridgway,” N. Turner," L. Sturmann,® J. Sturman 


"0. Berger 


‘Spatially resolving the surfaces of nearby stars promises to advance our knowledge of stellar 
physics. Using optical long-baseline interferometry, we constructed a near-infrared image of the 
rapidly rotating hot star Altair with a resolution of <1 milliarcsecond, The image clearly reveals the 
‘strong effect of gravity darkening on the highly distorted stellar photosphere. Standard models for 
2 uniformly rotating star cannot explain our findings, which appear to result from differential 
rotation, alternative gravity-darkening laws, or both. 


jereas. solar astronomers can take 
jvantage of high-resolution, multi- 
avelength, realtime imaging of the 


Sun's surface, stellar astronomers know most 
stars—whether located parses or kiloparsees 
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away—as simple points of light. To discover 
and understand the processes around stars unlike 
the Sun, We must rely on stellar spectra aver- 
aged over the entire photosphere. Despite their 
fenomous valuc, spectra alone have been in- 


ral questions in stellar 
astronomy, stich as the role of angular mo- 
‘mentum in stellar evolution (J), the produc- 
tion and maintenance of magnetic fiekls (2), 
the launching of massive stellar winds (3), and 
the interactions between very clase binary com 
panions (4) 

Fortunately, solar astronomers no longer 
hold a monopoly on stellar imaging. Long- 
baseline visible and infrared interferometers have 
‘enabled the cataloging of photospherie diameters 
of hundreds of stars and high-precision dynam- 
ical masses for dozens of binaries, offering exact- 
ing constraints for theories of stellar evolution 
and stellar atmospheres (5). This work requires 
1m angular resolution of ~1 milliaresecond (mas) 
(1 part in 2 * 108, or S nanoradian) for resolving 
even nearby stars, which is more than an onder of | 
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magnitude better than that achievable with the 
Hubble Space Telescope or m 
telescopes equipped with adaptive optics. 

ing can be used to invest 


sound-based 


jon of hot, massive stars. A 


pid rota 
¢ faction of hot stars are rapid rotators 
with surfa 
100 kins (6, 7) 
pected to traverse evolutionary paths very 
different from those of their slowly rotatin 
kin (1), and rotation-induced mix 
stellar Although hot stars ane 
relatively rare by number in the Milky Way 
Galaxy, they have a disproportionate effect on 
lactic evolution due to their high luminos 
ities, theie strong winds, and thei final end as 
supemovae (for the most massive stars). Re 
cently, rapid rot 
invoked to explain at least one major type of 
wnmaray bursts (9) and binary coalescence 
Of massive stars 

The distinctive observational s 
first described. by 
with the expectation 
I forces would distort the pho 


rotational velocities of more than 


These 


spid rotators are ex 


stars has been 


remnants (10) 


rapid rotation were von 
Zeipel (11), bewinniny 


that centrifiy 


spheric shape and that the resulting oblateness. 
would induce low 
This latter effect, known 


the equator city 


darkening, will cause distortions in the observed 
line profiles as well n 
ergy distribution. Precise predictions can be 


the overall spectral 


made, but these rely on uncertain assumptions 
in particular the distribution of angular momen: 
tum in the star 


uniform rotation is often as 
sumed for simplicity 


The most basic predictions of von Zeipel 
theorycentrifugal distortion and. gravity 
darkening —have been confirmed to some ex. 


tent. The Palomar Testbed Interferometer (PTI), 
the first instrument tom 
clongation in 
ofthe nearby A-type star Altairto be ~14% la 
in one dimension than the other (/2). The Navy 
Prototype Optical Interferometer (NPOD) and the 
Center for High Angula 
(CHARA) interferometric array both m 
strong limb-darkening 
ric standard Vega (/3, /4), consistent with a rapid 
ly pole-on. A brightness 
asymmetry for Altair was also reported by NPOL 


sure photospheric 


Resolution Astronomy 
asured 


profiles for the photomet 


rotator viewed nei 
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(U5, 16), suggestive of the expected pole-to- 
‘equator temperature difference from 
darkening. In recent years, a total of five rapid 
rotators have becn measured to be elongated by 
interferometers (7-19). 

Although von Zeipel theory appears 1 
work at a basic level, serious discrepancies be 
tween theory and observations have 
Most notably, the diameter of the B3V-type 
star Achemnar (17) was measured to be ~S6 
longer in one dimension than the other, a dis- 
erepancy too large to be explained by von 
Zeipel theory. Explanations for this include 
strong differential rotation of the star (20) or 
the presence of a polar wind (3), either of which 
have far-reachin 
standing 


ity 


consequences for our under: 
stellar evolution. 
we must move beyond the simplest 
rapidly rotating stars, and this will 
require a corresponding jump in the quality 
and quantity of interferometry data, Indeod, 
all previous results were based on limited in- 
terf 


To address these 


wlels fo 


rometer baselines that lacked the caps 


North (rm) 
ay 


East (m) 


° 


North (millareseconds) 


2-1 0 4 
East (miliarcseconds) 


Fig. 2. (A) Intensity image of the surface of Altair ( 


bility to form model-independent_ images, 
and relied entirely on model fitting for inter 
pret previous confirmations of 
von Zeipel theory, altho 
incomplete 

Here we report a development in imag 
capabilities that et 
theory, both throu paging and pre- 
cise modebfitting. By combini nfared 
light from four telescopes of the CHARA inter- 


ion, Thus, 


ables a test of von Zei 


h basic 


we have synthesized an ch 
liptical aperture with dimensions 265 m by 
195 m (Fig. 1), allowing us to reconstruct im 
of the prototypical rapid rotator Altair 
(spectral type A7V) with an angular resolution 
of ~0.64 mas, the diffraction limit defined by 
42D, the observing wavelength divided by 
twice the lo The 


ferometric 


1 interferometer baseline, 


recently commissioned Michigan Infrared Com: 
biner (MIRC) (2/) was essential for this work, 
allowing the light fiom the CHARA telescopes 
to be combined simultancously into eight spec 
tral channels spanning the astronomical HT band 


Fig. 1. Fourier (u,v) coverage for the Altair 
observations, where each point represents 
the projected separation between one pair 
of the four CHARA telescopes $2, £2, WA, 
and W2 (32). The dashed ellipse shows the 
equivalent coverage for an elliptical aper 
ture of 265 m by 195 m oriented along a 
position angle of 135° east of north 


‘0-100 -200 -300 


204 0 a 
East (milliarcseconds) 


1.65 jum) created with the MACIM/MEM, 


imaging method using 2 uniform brightness elliptical prior (z2= 0.98). Typical photometric errors 
in the image correspond to 4% in intensity. (B) Reconstructed image convolved with a Gaussian 
beam of 0.64 mas, corresponding to the diffraction limit of CHARA for these observations. For both 
panels, the specific intensities at 1.65 jum were converted into the corresponding blackbody 


temperature 


s contours for 7000, 7500, and 8000 K are shown. North is up and east is left. 
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(> 1.5010 1.74 ym), The Altair di 
here were collected on 31 Al 
tember 2006 (UT): 
information is ava 


presented 
and | Sep 
complete observational 
able (22). In addition, we 
used some K-band (3,=2.2 jum) observations by 
the PTI to constrain the sh 
in subsequent analysis, 
With the use of four CHARA. telescopes, 
interferometric imaging of Alair is now possible, 
although this requires specialized in 
struction techniques. We used the publicly 
lable application MACIM (Markoy-Chain 
Optical Interferometry) (23) in this 
work, applying the maximum enteopy method 
(MEM) (24), We restricted the stellar image to 
fall within an elliptical boundary, similar in 
principle to limiting the fiekd of view in standard 
aperture synthesis. procedures 


rt-baseline visibilities 


This restriction 


biases our ims inst faint emission features 


arising ouside the photosphere; however, we do 
not expect any circumstellar emission in. Ala, 
Which is relatively cool, lackit 


emission or strong winds. Further details of our 
imaging procedures, along with results. from 
validation tests, can be found in (22), Our im 
shows the stellar photosphere of Altair to be 


Table 1. Best-fit parameters for Roche-von 
Zeipel models of Altair. Parameter descriptions: 
Inclination (0° is pole-on, 90° is edge-on) and 
postion ange (degrees east of north) describe our 
viewing angle, pur and. Rpue describe the 
temperature and radii of the pole (alternatively, 
ane can describe the temperature and radi atthe 
equator a5 Tag and Re), i the angular rotation 
rate as a fraction of critical breakup rate, and (5 
the gravity-darkening coefficient. Models assumed 
stellar mass = 1.791 Ml, (25), metallicity (Fe/H) = 


0.2 (32), and distance = 5.14 pe (33). 
Parameter B fixed B tree 
Inclination 62.7% 215° 572° 219) 
Position angle ~61.7° +0.9° —61.8° + 0.8 
Toate (K) 87102 160 8450 + 140 
Rene (Re) 1.661 + 0.004 1.634 + 0.011 
(mas) 1.503 = 0.004 1.479 + 0.010 
Taq (®) 6850+ 120 6860 + 150 
Raq (Re) 2.022 + 0.009 2.029 + 0.007 
(mas) 1.830 + 0.008 1.835 + 0.007 
o 0,902 + 0.005 0.923 = 0.006 
6 0.25 (Fixed) 0.190 = 0.012 
Model V-band 0.765 0.765, 
photometric 
magnitude 
Model H-band 0.225 0.220 
photometric 
‘magnitude 
Model v 2aa 240 
sin i (kms) 
Reduced 77°: 
Total 179 137 
Closure phase 2.08 173 
vis? 148 110 
Triple amp 234 158 
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well resolved (Fig. 2), appearing elongated in 
the north 


dominant feature coveri 
rant of the star To reduce the influence of 
possible low-level artifacts that are beyond the 
Aiftraction limit of our interferometer, we have 
followed the standard procedure 
volving the reconstructed image wit 
beam matching the resolution of the interferom- 
eter (Fig. 2B). 

These images confirm the basic picture of 
gravity darkening induced by rapid rotation. We 


hwest quad: 


a Gaussian 


see Aliair’s photesphere to be oblate with 3 
bri 


on identifiable as the stellar polar 
jon. The intensity of the dark equatorial band 
is about 60 10 70% of the brightness at the pole 


broadly consistent with expectations for the 
Although 


nearinffared from previous. models 


Wwe soe some evidence for devia 
symmetry (small excess emission on the north 
cm fimb), this feature is at the limit of our image 
fidelity and will require additional Fourier 
we further. We have also 
rapid rotator model, 


fitted our data set with 


folhowin 
et al. (14) and references. therein, 
Roche potential (central point mass) and solid. 
body rot The 


the prescription set out in Aufilenbeng 


ion, main parameters of the 
model are the stellar radius and temperature at 
angular rotation ra 
bre Dh the gravity da 
(, angkes (inclination 
position angle). We used the stellar atmosphere 
models of Kurucz (26) to determine the specific 


t as a fraction of 


‘ening coeflicient 


intensity of each point on the surface as a func 
tion of local gravity, effective temperature, and 
fimb darkening. In addition to matching 
MIRCICHARA data, 


he new 
we forced the model 10 


match the measured V- and H-band photometric 
magnitudes (0.765 = Q018 and 0.238 = 0.043, 
respectively) derived from abroad literature 


> 


North (millareseconds) 


201 0 4 
East (miliarcseconds) 


Fig. 3. Synthetic images of Altair 0 
The best 


When fi 
0B 
envelopes, our derived p 
agree well with the best 
Peterson ef al. (/5) on the basis of visible data, 
However, our best-fit model reached only a 
reduced 72 of 1.79, which suggests anced for 
additional degrees of freedom in our model. To 
improve our fits, we explored an extension to 
the von Zeipel model, allowing the gravity- 
darkening coefficient 0 be a five py 
We found that a model with B= 0.190 signi 
icantly improved the goodness of fit (Table 1), 
and this improvement is visually apparent when 
‘comparing synthetic model images to the Ali 
from CHARA (Fig. 3). In addition to a 
lower fi the new model prefers a slightly less 
inclined orientation, 
and 


ft 


cooler polar temperature, 


ster rotation. 
Both our imagit 


te 
nd modeling results point 
to important deficiencies in the currently popular 
models for rapid rotators, Previous workers have 


also encountered problems explaining high: 
resolution interferometry data with st 
prescriptions for rotating stars, In addition to the 
Achemar case previously cited, 
(75) were unable 1 find a satisfactory fit for 
N a standard Roche-von Zeipel 
model (72 = 3.8), consistent with the need for 
ditional stellar physics. Recent results. for 
Aldcramin (/9) also specifically favor models 
with smaller fs, in line with our findings. 
Although model fit 
from sta 


reterson et al 


g has revealed deviations 
model-independent 
imaging allows new features to be discovered 
outside current model paradigms, The most 
striking difference between our CHARA imay 
and the synthetic model images (Fig. 3) is that 
nage shows stronger darkening along the 
equator, inconsistent with any von Zeipel-like 
gravity-darkening prescription assuming uniform 


a eee 
East (milliarcseconds) 


465 jum) adopting conventional rapid-rotation models. (A) 
model assuming standard gravity-darkening coefficient for radiative envelopes (8 = 
0.25, 72 = 1.79). (B) The result when (is a free parameter ({} = 0.190, 


2 = 1.37). For both panels, 


the specific intensities at 1.65 jum were converted into the corresponding blackbody temperatures; 
contours for 7000, 7500, and 8000 K are shown. We have overplotted the contours from the 
CHARA image (Fig. 2A) as dotted lines to facilitate intercomparison. 
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rotation, Lower equatorial surface temperatures 
‘could naturally arise if the equatorial otation rate 
\were higher than the rest of the star (differential 
rotation), reducing the effective gravity at the 
surface (27), Another possibility is that the 
‘cooler equatorial layers could be unstable to 
convection (28, 29), invalidating a single gravity- 
darkening “law” applicable to all stellar latitudes 
‘Other studies (30) have found further faults with 
simple application of the von Zeipel law due to 
‘opscity effects in the surfice layers. Even though 
itis difficult to isolate or untangle these various 
effects from one another, the new interferometric 
results and our modeling convincingly establish 
the case for stellar physies beyond the standard 
models used today to describe rotating stars. A 
path forward is clear: Differential rotation will 
leave both geomettic and kinematic signatures 
different fom opscity oF convection-related 
phenomena, Observers must beamed with a 
new generation of models incorporating. these 
physical processes in onder to exploit the power- 
ful combination of detaited line profile analysis 
and mukiwavelength interferometric: imaging 
how available 
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The Crystallization Age 


of Eucrite Zircon 


G. Stinivasan,’* M. J. Whitehouse,” I, Weber,” A. Yamaguchi* 


Eucrites are a group of meteorites that represent the first planetary igneous activity following 
metal-silicate differentiation on an early planetesimal, similar to Asteroid 4 Vesta, and, thus, help 
date geophysical processes occurring on such bodies in the early solar system. Using the shortived 
radionuclide #7Hf as a relative chronometer, we demonstrate that eucrte zircon crystallized 
quickly within 6.8 million years of meta-silicate differentiation. This implies that mantle 
differentiation on the eucrite parent body occurred during a period when internal heat from the 
decay of “Al and “Fe was still available. Later metamorphism of eucrites took place at least 

8.9 million years after the zircons crystallized and was likely caused by heating from impacts, 

‘or by burial under hot material excavated by impacts, rather than from lava flows. Thus, the 
timing of eucrite formation and of mantle differentiation is constrained. 


he accretion of the parent bodies of 
| differentiated meteorites (e., euerites), 
Mars, Moon, and Earth was quickly fol- 

lowed by lange-scale melting and metal-sifcate 
differentiation, resulting in core-manthe forma- 
tion, Basaltic eucrites are a group of differentiated 
meteorites that formed as lava Hows oF as shallow 
intrusions following meta-silicate dierentiation 
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fon the eucrite parent boxy (EPB). Asteroid 4 
Vesta is identified as a plausible cucrite parent 
body (/). Time constraints of the processes of 
melting, metal-silicate separation leading to core 
formation, and subsequent mantle differentiation 
that produced precursors to basaltic eucrites are 
critical to models of the themnal evolution of 
EPB, To constrain precisely the time of eruption 
and crystallization of basalts on EPB, we report 
high-precision measurements of the HEW com- 
position of zircon from three eucrites and explore 
the use of "Hf as a relative chronometer 
Eucrites are composed primarily of pyroxene: 
plagioclase; minor chromite; ilmenite; and trace 
‘quantities of zicon, metal, and quartz. The pres- 
ence of decay products of short-lived radio- 


uci, AI [half-life (72) = 0.7 million yew 
(My)]. °Mn (Tyg = 3.5 My) and "Hf (Ty 
9 My) (2-5), in cuctites requires their tor 
‘mation within a few million years of formation 
of the solar system, An age of 4585 = 9 My is 
inferred from the *7Pb?"*Pb composition of 
ccucrite zircons (6), This age spans the entire time 
‘window when the everite parent body (EPB) 
‘was undergoing extensive igneous activity 
fuelled by heat produced from the decay of 
shor-lived radionuclides “*A1 and Fe (Tyg = 
1.3 My) 

Eucrites are extensively metamorphosed and 
extremely brecciated as a result of impacts, Re- 
lated thermal disturbance of parent-lauhter iso 
topic systematics of radiometric chronometers can 
potentially obscure crystallization reconds. There 
fore, the everite crystallization ages determina! 
from long-ived chronometers, eg., “7$m (Ty 
103 Gy) and shon-lived chronometers (e.g, 7*AI) 
are poorly constrained (7), as are models of the 
thermal evolution of EPB. 

‘When planets containing bulk solar propor- 
tions of elements are melted and differentiated, 
lthophile Hf and siderophile W are chemically 
factiontol sod reiiaibucd io the slste 
mantle and metallic cone, respectively (8), There- 
fre, the decay of It ™"W has bee used 
to determine time scales of metal-siticate dit- 
ferentiation Icading to core formation of plan- 
ets (5) and mantle differentiation resulting in 
of basalts on EPB (4, 5). However, 
compositions of bulk silicate mineral 
and metal separates in eucrites reflect meta- 
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morphic reequilibration of W between these 
phases at 4547 = 2 My (9), The FI-W min 
isochron is therefore not useful for determ 
the primary 
of euetites, 

‘The high Hf (1 10 2%) and very low W 
‘concentration (ppm to subppmn) in zircon make it 
an ideal mineral for determining the "Hf abun- 


be better preserved in zircon, 
t 10 resetting of U-Pb isotopic 
systematics up to metamorphic temperatures of 

LOWPC (10), The ion microprobe is ideally 
suited for in situ microanalysis of small (several 
10s of micrometers or less) phases present in 
trace abundance, Using this method (11), we 
detemined the HEW composition of individual 
ie Zions in polished thin seetions in order 
to constrain the chronology of igncous crystal 
lization of eucrites and impact-induced partial 
mehing. 

The thive basaltic cucrites chosen for this 
study are the Asuka meteorites A-881467 and 
A-S81388 and Elephant Mora worite 
EET90020 from the Antarctic meteorite collec 
tion, The Asuka meteorites are unbreceiated and 
have a recrystallized rock texture (/2, 13), 
Plagioclase ryst hedral (size: 
about 0.05 mm to 1.1 mm 1), with a few 
lath-shaped crystals (about {mm = 0.15 me). 
Pigeonite and augite grains up to 04 mm are 
present. Exsolution lamellae were found in both 
Jamellac in host 
pigeonite are more common (Fig. 1, bottom), 
Minor phases, ilmenite and chromite, occur as 
20- to 50-ym grains, whereas the trice 
zircon, sulfides, and silica are smaller. Zircon 
igrains are typically associated with ilmenite and 
chromite, are triangular in shape, and resemble 
broken fragments. A few zircon grains appear 
to border ilmenite-chromite 
blage: however, unlike high 
phic rocks (/4), they do not hav 
dineet contact with ilmen 
ished thin section no, 28) has gram 
and a minoramount of coars 


pyroxenes, 


rade. metamor- 
flat base in 
P 
texture 

n(15), 


pyroxene (-250 jum) enclosed by lathlike and 
stubby plagioclase (~60 jum). Minor oxides, 
tridymite and t 
iated metamorphic temperature 
oon the Ca thermometer is -800°C (6) 
The Hf-W composition of W-metal; NIST610, 
silicate glass standard; terrestrial zircons (91500, 
OPSUSI, and GZion, A-SI3S, A-N81467, 
sand EET90020 zircon; and pyroxene are ne 
ported in table $2 (//), and Fig. 2. All analyzed 
terrestrial zircon grains over a wide range 0 
#8011699 ratios (= 10° 1924 = 10°) have nor- 
smal "W/W and W/W isotopic compo- 
sition, The analyzed Asuka meteorite zircon grains 
have excess 6"°W and normal 8 W (17, 18), 
EET90020 zircon with high "HE™W = 1 
108 shows very low excess 6"2W compared with 
Asuka zircon, Pyroxenes from A-881467 and 


ite, also occur in this sect 


A-881388 with low “HD™W values have nor ratio of ~1.7 » 10°. In A-881388, the highest ex- 


mal W isotopic composition. If one assumes a cess 8" W value of 17.0 (29.5) » 10M 20m) is 
typical Hf concentration of ~1% for zircon, the observed in Z3 with a "H.0)™°W 

cstimated W abundance in temestrial zircon is 10°, and the lowest !"2W value of 3.4 (-2.2) 
about 760 ppb to 9.8 ppm, whereas metcoritic 10° (2G) is observed in Z2 witha ™H10™°W 
zircon has about 100 to 760 ppb. In AS81467, ratio of ~9.5 = 10 


the highest excess 6'"W value of 9.1 (<4.2) The observed excess 8"2W is. correlated 
10» (25, confidence evel is observed in Z2 linearly with the HOW values in zircon and is 
with a comesponding "S11D"*W ratioof 1.29» — atributed tothe in situ decay of "HF the host 


10%, and the lowest 8"€W value of 1.1 (206) = phase. The infered "2H abundance {table $3 
10% (2) is observed in Z4 witha ™HP™W — (/7)and F 


Fig. 1. Backscattered electron (BSE 
image ofa typical granulitic region in A- 
881467 (top) and enlarged BSE image 
‘of another typical area in A-881467 
(bottom). All minerals meet in triple 
junctions. Anhedral plagioclase of varia- 
ble size (rom about 0.05 mm up to 1.2 
mm), as well as pyroxene grains up to 
(0.4 mm, & present. Minerals listed from 
dark to lighter gray/vhite BSE response: 
'Si0,, SiOrphase; Pag. Plagiodase: Cox 
Gatich pyroxene; Lax, Ca-poor pyroxene; 
Him, limenite; and Chr, Chromite) 
(Bottom) Zircon (it) indicated by arrow 
with a bright BSE response in association 
with an ilmenite lighter gray BSE) and 
chromite (darker gray BSE grain. The 
individually photodocumented meteorite 
2ircons are labeled, eg, A-881467-23, 
for identification, and the isotopic data 
(table $2) for each grain are reported as 
'8-881467-23 and repeat analyses onthe 
same as A-881467-23 repeat 


Fig. 2. The ww values are 
plotted against "HAY values 
with correlated Lome €r0F ellipses 
for terrestrial and meteorite min- 
eral phases. The dashed line (in 
the main figure and inset) repre- 
sents the EWR correlation line with 
initial #2H1/#°H = 7.25 (20.5) x 
10 oq), as reported by (5). The 
horizontal solid. tine representing 
‘normal W isotopic composition with 
57W =0 (17) 6s shown in the main 
figure and inset. The terrestrial 
ircons (G-zircon, 91500, and 97- 
'SUSI-2) have normal 62W values. 
Meteorite zicons in A-881467, A- 
881388, and EET90020 with high — 
3OpGA8W have correlated excess 4/0 

‘SW, which is attributed to the 

decay of the short-lived radionuctide ™2HT The data are regressed using 'soplot (28) to determine the 
"Hf at the time of formation of these zircons {table $3 (22). 
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A-881388 zitcons is "=HO™HE = 7.5 (0.9) » 
10° [26 mean square of weighted deviates 
(MSWD) = 1.5] and, for A-881467 zircons. is, 
HEE = 6.0 (1.4) * 10 Qo: MSWD = 
1,8), The model upper limit for "HF abun- 
dance at the time of crystallization of EET90020 
zircon is “HOHE < 7 = 10°°, The initial 
W/W) values determined from all the cu 
crite regressions are close t0 the initial values 
determined from cuerite whole-rock (EWR) samn- 
piles ( 

We used "Has a relative chronometer on 
the assumption that it was uniformly distributed 
in the reservoir from which constituents of 
Primitive meteorite and EPB were derived. The 
C™HDMHE)sst (SSL, solar system initial) as 
determined fiom primitive meteorites is. 1.07 
(0.10) » 10 (19), The abundance of "7Hfin- 
ferred from EWR samples is ["P HE" Hf jewr = 
7.25 (10,50) = 10% (5), The time difference 
between solar system formation and metal- 
silicate diffewotiation on the EPB is 38 = 1.3 
My, and the mod! HIEW age for this event is 
4563.4 © 1.3 My (3). 

‘The difference in “HF abundance between 
Asuka zircons and the EWR (5) suggests that, 
relative to the time of metal-silicate differen- 
tiation (table S4) on EPB, A-S81388 crys- 
tallized 0.4 © 3,5 My and A-S81467 2.4 = 4.4 
My, Because euecrites formed as a result of 
mantle differentiation following metal-sitieate 
separation, relative ages of zircons predating 
metal-silicate differentiation on EPB are phys 
ically implausible, Therefore, the ""Hfabun- 
dance indicates that A-R8I388 zircon formed 
in <3.) My and A-881467 zircon formed in 
<6.8 My after metal-silicate differentiation on 
EPB. If zircons are primary crystallization 
products as observed in unmetamorphosed 
‘eucrites (6), then mantle differentiation on 
EPB lasted fora maximum of 6.8 million years 
afler metal-sticate differentiation, AF they are 
secondary metamorphic products, then dura 
n of igneous activity on EPB was even 
shorter. By using the model HEW absolute age 
mantle differentiation of 4563.4 © 1.5 My (5). 
‘ve shovy that the zircon HF abundance model 
age of A-R8I3R8 is 4363.8 © 3.8 My and that of 
A-SSL4G7 is 4561.05 46 My 

The HEW model ages of A-881388 and 
‘A-881467 overlap within erors, and they formed 
when °AI abundance ranged from 7*A177A1 = 
1» 10° in eucrites Piplia Kalan and A-881304 
(2,20, 21) significantly lower abundance 
of <2 107. The model *Al?*Mg ages of 
A-S81467 and A-S81388 of 4561 My (20) are 
not sufficiently well constrained to distinguish 
‘between time of erystallization and metamor- 
phic overprints. The model Mn-Cr ages of 
4546 t0 4586 My for A-S81467 and <4548 My 
for A-R81388 are younger (20) and poorly 
constrained because of metamorphic resetting. 
‘The HE-W data from zircon and Mn-Cr ages of 
mineral separates show that zircon erystalliza- 
tion preceded metamorphism of A-881388 by 
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‘a minimum of 12.0 My and that of A-881467 
by a minimum of 0.5 My. The Mn-Cr ages 
determined from whole rock. pyroxene, and 
ilmenite mineral separates reflect resetting of 
isotopic signatures by the metamorphic event 
that produced the granulitic texture of these 
meteorites. 

The EET%020 zircon with an extremely low 
MAW excess has "HOHE of <7 * 10°, and 
its model IIF-W age is <4533.3 My. The forma- 
tion time of 4483 = 26 My inferred from Sm 
abundance (/5) and the tow "H1fabundance of 
EET90020 suggest vircon crystallization in a 
melting event when 7*AL and “Fe had complete- 
ly decayed and ceased to be heat sources. Zircon 
EET90020 is more likely a product of late 
partial meking on EPB (/5) as a result of an 
impact-related heating event. 

Basalt cucrites formed asa result ofsome of 
the frst planetary scale igncous processes. Their 
textures suggest that they are products of lava 
flows or shallow intrusions, They experienced 
prolonged metamorphism and impact, which 
disturbed their mineralogy, texture, isotopic 
composition, and nidiometric ages. Thermal 
metamorphism may result from burial under 
successive lava flows or impact, One possibility 
is that brecciated and thermally metamorphosed 
ccuctites formed at the contact zones between 
crater walls and hot impact-melt sheets (2 
Altematively. eucites erystllized early and were 
metamoephosed during formation of crust on the 
‘parent body (23.24), Ifeucrites formed by partial 
melting, melts would migrate tothe surface of the 
parent body and so produce a basaltic crust that 
‘could grow toa thickness of 10 km (25) oF up 10 
25 km (26), Later eruptions would bury the 
earlicr layers, which could then be thermally 
metamorphosed fiom intemal heat. Hot lava 
flows will case when heat-producing short-lived 
radionuclides C*AI and Fe) are depleted 
significantly within the first few million years 
afier metabsiticate differentiation of the EPB. 
The zircon of Asuka eucrites, which formed in 
<6 My afler metabsilicate differentiation on 
EPB, constrains the maximum duration of mantle 
iterentiation on EPB, which results in the 
formation of eucrites. Therefore, thermal meta- 
morphism duc to direct contact with hot lava 
flows will cease once AI and “Fe are ex- 
hausted as heat sources. Thermal evolution 
models for EPB (27) suggest layers >10 kim 
‘bencath the surface are at temperatures >1000 K, 
a least 16 My after metal-sificate differentiation 
‘on EPB. Thermal metamorphism leading 1 
reequilibration of HEW isotopes between bulk 
metal and silicate phases in evcrites (eg, Camel 
Donga) at 4547 = 2 My (9) postdates crystalli- 
zation of Asuka zircon by at least -8.9 My. If 
Asuka zircons represent the list vestiges of 
igncous crystallization on the surface of EPB, 
then the metamorphic event resulting in 1 
recquilbration of Camel Donga at 4547 = 2 My 
cannot be due to lava flow on the surface en- 
‘ergized by heat-producing **Al and “Fe. Heating 
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that was directly due to impact or to burial under 
‘hot material excavated by impact is considered 
1 be the most plausible mechanism for eucrite 
‘metamorphism, 
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Coastal Antarctica 
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Halogens influence the oxidizing capacity of Earth's troposphere, and iodine oxides form ultrafine 
‘aerosols, which may have an impact on climate. We report year-round measurements 

‘of boundary layer iodine oxide and bromine oxide at the near-coastal site of Halley Station, 
‘Antarctica. Surprisingly, both species are present throughout the sunlit period and exhibit similar 


seasonal cycles and concentrations. The springtime peak of iodine oxide (20 parts per 


lion) is 


the highest concentration recorded anywhere in the atmosphere. These levels of halogens cause 
substantial ozone depletion, as well as the rapid oxidation of dimethyl sulfide and mercury in 


the Antarctic boundary layer. 


on has been given 1 the role of bromine 

chemistry in causing rapid surfice ozone 
depletion events (ODEs) in the Arete springtime 
(Z). Two sources of reactive halogens have been 
proposed: acidified sea-salt surfaces such as 
acrosol, frost lowers, or sca salt in surface snow 
accumulated through horizontal drifiing. from 
rotrozen Kead areas and photodegradable halo- 
carbon compounds from anthropogenic and 
natural origins (2). Halogens are also involved 
in the oxidation of oceanic dimethyl sulfide 
(DMS), which may influence formation of cloud 
nd the oxidation of 
gaseous elemental Hy in the Arctic troposphere 
(A). Recently, it was shown that condensable 
iodine oxide vapors can nucleate very efficiently 
to form particles, which may hav 
cloud cover and hence on elimate (5 


F: the past 2 decades, considerable atten- 
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In the Antarctic, work on bromine species 
has been mainly concemed with the halogen- 
catalyzed removal of ezone in the stratesphere 
(7). Observations over Antarctica of the inte 
grated tropospheric column densities of bro- 
mine oxide (BrO) and iodine oxide (10) have 
‘been reported at a coastal site (8, 9) and, in the 
ase of BiO only, from space (10). However, 
these are integrated measurements: There have 
‘been no direct measurements of 10 or BrO 
Within the boundary layer above the snow pack, 
I is also noteworthy that in several Arctic 
vated BrO was prese 
in the boundary layer during an ODE, 10 was 
not observed (//. 12), although ae ca 
surements of filterable iodine have been re- 
ported (3). 

A fickd campaign was performed from 
January 2004 to February 2005 at Halley Station 
(7538S, 26°30W), which is situated on the 
Brunt Ice Shelf, Antarctica, about 38 mabove sea 
level (fig. S1). The ice edge is some 12 km north 
and 30 km west of the station: 20 km southwest is 
Precious Bay, a semipermanenily open patch of 
\ater with lange areas of fresh sca ive where frost 
flowers grow in winter and spring, Sea-salt ion 
concentrations on frost flowers and nearby sur- 
face snow are at least three times. greater than 
ose in seawater, and this has been linked to the 


enhanced release of photolabile bromine com- 
pounds into the gas phase (/4), 

The concentrations of 10 and BrO were 
‘measured with the long-path differential optical 
absorption spectroscopy technique (LP-DOAS) 
(5). 4 folded optical path of 4 km (total path = 
Skim) was set up ata height of4 to Sm above the 
snowpack (arying through the year as a result 
ff snow accumulation), The light source was a 
xenon lamp, whose beam was folded back to a 
Newtonian telescope receiver by an array of 
quartz comer-cube reflectors, The path-averaged 
concentrations of 10 and BrO were obtained by 
fitting laboratory-measured cross sections of the 
molecules to atmospheric spectra recorded in the 
Visible and ncarultraviokt (UV), respectively 
(U5) (Fig, 1), Between January 2004 and Feb- 
rary 2005, 10 was measured on 41 days and 
BrO on 125 days. The two species were not mea- 
sired simultaneously because they absorb in df= 
ferent spectral regions (Fig. 1). 

10 and BrO were detected above the detestion 
limit whenever the solar zenith ange was hess than 
~O* (ie wight and full daylighy), The peak 
concentrations of both species were about » 10 
molcculcs cm’? oF 20 pas per trillion by volume 
(ppt), observed during aust spring (October), 
For BrO, this concentration is similar to the levels 
‘bservad in the springtime Arctic (/6) In contrast, 
the 10 concentration is an onder of magnitude 
larger than the upper limit reported fiom the A 
(11, 12) and is actually the highest concentration 
reported anywhere in the atmosphere, One impact 
cof such high levels of iodine oxides is the fre 
‘mation of ulrafine aerosol fom the polymerization 
{10 and O10 (6) (O10 farms from the reaction of 
10 with itself or with BrO), which might explain 
frticle nuckation events observed! in summer 
‘over sca ice near Antarctica (17), 

The concentrations of both 10 and BrO ex- 
hibited a diumal cycle, essentially tacking the 
solar radiation (Figs. 2 and 3), This indicates that 
both species are produced photochemically and 
have a boundary layer lifetime of less than 2 
hours against nonphotochemical loss processes. 
‘The concentrations of 10 and BiO were strongly 
correlated with the local wind direction as well as 


Fig. 1. Examples of 
atmospheric spectral 
fits The solid tine cor- 
responds to the atmo- 
spheric spectrum after 
removing all known 
absorbers, except the 
species of interest, with 
the overlying reference 
spectrum (dotted tine) 
calculated from litera 
ture absorption cos 
sections measured at 


10] 


Differential Optical Density 


BrO] 


298 K (27, 28). The 
fitting procedure yields 
(A) lO] = 205 + 12 
ppt and (B) [8:0] = 18.8 + 1.0 ppt. 
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the air mass origin predicted by back trajectory 
calculations (Fig, 2 and 3), Enhanced concen- 
trations of both radicals were observed! when the 
\wind was fiom the open ice front seetor (200° to 
45°), in ar masses that had been oversea ice within 
the previous 24 hours, Although the levels of 
halogen oxides were lower in continental air that 
had not been oversea ioe forat least 3 days, 10 and 
B10 were ofien still observed at mixing ratios up to 
~6 ppt during sunlit periods, clearly above the 
instrumental detection limit of 1 to 2 ppt (Figs, 2 
and 3), This strongly suggests that halogen 
activation in sunlight is widespread in the oust 
Antarctic boundary layerand not restricted to clase 
proximity to the ice front. This inference is sup- 
Ported by sitelite observations of the Br trope 
spheric column density over Antartica (70), which 
showed that large column abundances are present 
above all coastal areas of Antarctica between 
August and November, with smaller amounts 
between December and April 0). 

The recond of 10 and BrO concentrations over 
the entie year is displayed in Fig. 4. The day-to- 
day concentrations are quite seatered as a result of 
differences in solar radiation and wind dincction, 
However, the 10-day running average concentra 
tions (solid fines in Fig. 4) show thatthe seasonal 
cycles of 10 and BrO are remarkably similar, both 
in timing and absolute concentration. This is quite 
unexpected, given the different sources of the two 
halogens (see below), There is distnet mien 
in spring [also seen inthe integrated tropospheric 
‘column measurements of 10 (9), whieh are con- 
sistent with our measurements ial the 1O was in 
theboundary layer) This followed by a decrease 
toward the summer and a possible secondary 
‘maximum in autumn. The smaller levels in auturnn 
‘could be a consequence of lower res of halogen 
activation or could result om a Ies-stable bound 
any layer allowing faster mixing into the free wopo- 
sphere. During the polar night, the halogen oxides 
were never observed! above the detection fimit of 
the instrument. However, the first appearance of 10 
and BrO occurs very early in the Antarctic spring, 
daring twilight: Mixing ratios up 10 44 ppt were 
dotected as early as 9 August. This indicates an 
activation mechanism that is efficient in the 
absence of direct sunlight or where the activation 
‘occurred further north in direct sunlight, with the 
halogen oxides then persisting for atleast 10 hours 
\while being transported to Halley 

‘We used a photochemical bow: model (Mate- 
rials and Methods) to estimate the contributions 
‘of halogen chemistry to boundary layer azone 
Jos inthe polar spring. With use of the observed 
1810 diumal profile, we estimated the diumally av- 
ceragad rate of Oy loss because of bromine chem- 
istry alone to be 0, 14 parts per billion (ppb) hour! 
‘A similar calculation for iodine chemistry alone 
yells a rate of Os removal of 031 ppb hour. 
However, when iodine and bromine chemistry act 
together, the modeled loss rate increases to 0.55 
ppb hour” because the action 10» BO — Br + 
‘O10 increases the rate at Which BrO is converted 
‘back to Br (/8) (fi. S2). This fourfold increase in 
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the depletion rite resuking fiom bromine and 
iodine chemistry, compared with bromine alone, 
has not boon considered previously in simulations 
(of Os depletion in the Antarctic troposphere. 

‘The Os revond during the campaign shows 
three substantial depletion events in September 
and October 2004. During two of these ODEs, 
there were no halogen oxide measurements, 
‘because of bad visibility in one case and in the 
‘other because the DOAS was being used 10 ob- 
serve a different species. However, during the 
third ODE there were 1 measurements that 
appear to be anticorrelated with Os (fig. S3A). 
Interestingly, however, plots of the deviation of 
[Os] fom its long-omn mcan against [20] or 
[B10] do not show a significant correlation (fig. 
‘S4), Indeed, the highest 10 concentration during 


REPO! 


the campaign was observed in the presence of 18 
ppb of Os (close to the October average of 19 
ppb). Because there is insuflicient NOx in the 
boundary layer to promote photochemical pro- 
duction of Os, thew are two possible expla 
nations: Either the halogens were freshly injected 
into the boundary yer air less than 6 hours 
before reaching Halley, so that only small 
quantity of O (less than ~ 2 ppb) was depleted 
(which is consistent with trajectories erossing the 
ice-front sector such as shown in Figs, 2 and 3, 
top), or Oy was entrained fom the free tropo- 
sphere rapidly enough to offset significant 
boundary layer depletion (this would require a 
strong halogen source to offset the simultaneous 
dilution of 10 and B1O). Indeed, the boundary 
layer at Halley during the sunlit period often 
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Fig. 2. The diumal variation of the 10 mixing ratio (black points with 2c error bars), the DOAS 
detection limit for 10 (black squares with a dotted line), which varied depending on visibility, and the 
solar irradiance (blackline). The corresponding 8-day ar mass back trajectory arriving at Halley (250m 
above sea level) is shown adjacent to each diurnal plot. Each circle on the trajectory indicates 24 hours. 
Trajectories were calculated from the British Atmospheric Data Centre Web service, which uses the 
European Centre for Medium-Range Weather Forecasts archive. (A) A day in spring (21 October 2004) 
displaying the highest 10 mixing ratio of 20.5 + 1.2 ppt observed during the campaign; the air mass 
trajectory indicates a strong oceanic influence. (B) A day in spring (15 October 2004) when the air mass 
had not been over the ocean for atleast 3 days. (C)A day in summer (29 January 2005) with an oceanic 
air mass. (D) A day in winter (4 May 2004) when 10 was below the detection limit of about 2 ppt. 
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exhibits extreme variability and is not strongly 
capped (19). Thus, although elevated halogen 
oxides are almost certainly a prerequisite for an 


ss: ODE, the degree of Os depletion appears to be 
A 20" oct 04 60 controlled by the boundary layer meteorology, 
a 300 x These high levels of halogen oxides. will 
16 vf ed change the oxidizing capacity of the Antarctic 
ie + * “ ‘boundary layer by inereasing the NONO ratio 
bl ines ‘ iui (©, via IO ~ NO— NO, + I) and by decreasing 
5} oy om the HOYOH ratio (e.g. via HO, + 10 HOL + 
sth As. “ok (Ox; HOI subsequently undergoes loss in aerosol 
one 0 Heel Pe cor photolysis to OH). The formation of gas-phase 
B 10" Oct 04 > $0 BrONO; and JONOs, followed by fist deposition 
2 300 os to the snowpack or acrosol, will remove NO; 


accelerate the activation of bromide and chloride 
fe fiom sea-salt surfaces (20), The rate of DMS 
oxidation by BrO will be an onter of magnitude 
faster than that by OH at average mixing ratios of 
4 ppt and 0.01 ppt, respectively. making BrO the 
‘most important axidant of DMS around coastal 
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Fig. 3. Diurnal variation of the BrO mixing ratio and solar irradiance (notation as in Fig. 2).(A) A (26), o the ree 
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Antarctica, Atomic Bris also highly reactive to- 
‘ward certain organic compounds (27) and cke= 
mental Hgat low temperatures (22), The removal 
| of Hg should be further enhanced by the atomic 
-70 iodine that must exist in stendy state with the 
observed 10 (23). 
-80 A final point 1 consider is the source of 
iodine, High concentrations of phytoplankton, 
50 which colonize the underside of sea iee, extend 
over lange areas of the Weddell Sea (24, 25), 
Phytoplankton produce iodocarbons. such as 
CHly and CHsIBr and probably Is. These pho 
species (compared with the much less 


22 8 
Latitude (Degrees) 


fi gn 
;photolabile biogenic bromocarbons) then provide 


& 


4 source of inorganic iodine in the boundary 
layer. The high levels of 10 in the boundary layer 
‘must then be sustained either through the pho 
tolysis of the higher iodine axides (.g., O10, 
10s, 104, and 1305), whieh likely form from 10 
ling of these species through 


$ 


day in spring (20 October 2004) with the highest mixing ratio of 20.2 + 1.1 ppt for the campaign. aerosols or the snowpack. The uptake of species 


The air mass originated from the ocean. (B) A day in spring (10 October 2004) with a continental such as HO! on halide-rich surfac 


will alo 


air mass. (C) A day in summer (1 December 2004) with an oceanic air mass. (D) A day in winter (10 trigger the release of bromine in the form of IBr, 
June 2004) when BrO was not detected above the detection limit of about 2 ppt. 


‘Such a coupling may explain the strikingly sim- 


B10 (ppt), 10 (ppt) 
a ae ee 


Fig. 4. Annual variation of the halogen oxides measured at 
Halley Staton. The 10-day moving averages of 610 and 10 are 
indicated by a dashed line and a solid fine, respectively, The 
‘maximum 10 and BrO mixing ratios occurred in spring (October), 
whereas during winter May to August) the radicals were 
consistently below the detection limit. A second smaller peak in 
the annual halogen mixing ratio cycle may also be present during 
autumn (March to ApriD. 
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ilar seasonal variations of 10 and BrO (Fig. 4) 
‘The observations of notable 10 and BrO levels in 
continental air masses indicate that halogen 
activation is not limited to coastal sea ice. Sea- 
salt aerosol and fiost flower fagments coated 
\with sea salt will be wind-bome from the ie front 
into the interior of the continent and deposited on 
the snowpack; subsequent heterogencous reac~ 
tions will then recycle photolabile halogens tothe 
«gas phase. It therefore very likely that 10 is as 
widespread around coastal Antarctica as satellite 
‘measurements show to be the ease for BrO (10), 

Our results indicate that these high and sus- 
tained kvels of halogen oxides should have 
profound impact on the chemistry of the 
Antarctic boundary layer, Further observations 
and laboratory work are needed to contin the 
processes that lead 10 the formation of such a 
Tange burden of reactive iodine and bromine and 
to establish the overall influence of the 
‘on the Antaretic troposphere, 
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Intra- and Intermolecular Band 
Dispersion in an Organic Crystal 


G. Koller,"*t 5. Berkebile,** M. Oehzelt,* P. Puschnig,?* C. Ambrosch-Draxl,? 


F. P. Netzer,” M. G, Ramsey™*t 


The high crystallinity of many inorganic materials allows their band structures to be 

determined through angle-resolved photoemission spectroscopy (ARPES). Similar studies of 
conjugated organic molecules of interest in optoelectronics are often hampered by difficulties in 
‘growing well-ordered and well-oriented crystals or films. We have grown crystalline films of 
Uniaxially oriented sexiphenyt molecules and obtained ARPES data. Supported by density-unctional 
‘calculations, we show that, in the direction parallel to the principal molecular axis, a quasi-one- 
dimensional band structure of a system of well-defined finite size develops out of individual molecular 
‘orbitals. in contrast, perpendicular to the molecules, the band structure reflects the periodicity of the 
molecular crystal, and continuous bands with a large dispersion were observed. 


the bulk band structures of many erystale 
I Tine inorganic materials have been deter- 
mined experimentally with methods such 

as angle-resolved valence band photoemission 
spectroscopy (ARPES), in part because single 
crystals with almost any desired orientation are 
available and wellslefined surface temmina- 
tions can be prepared in situ. For their organic 
counterparts, this situation is not the ease be- 
cause single crystals of onsanies generally face 


Aipsitute of Physics, Surtace and Interface Physics, Karl 
Franzens University Graz, 8010 Graz, Austria. “Chair of 
‘Momistic Modeling and Design of Materials, University of 
Leoben, 8700 Leoben, Austria. 

“These authors contributed equally to this wodk. 

‘To whom comespondence shoud be addressed. malt 


un-gat.a (GX; michael remey@unigrazat 
WG) 


www.sciencemag.org 


thee basic problems: Their small size limits 
signal, these materials are not highly conductive 
‘and thus charging, and the orientations available 
are limited to their cleavage planes. Numerous 
attempts to measure band strictures on in situ 
‘grown organic films have had limited success 
because of inherent disorder in these films. The 
propensity of the molecules to crystallize leads 
to a muhiplicity of crystallite orientations and 
momhologies unless great care is taken. The 
challenge lies in growing thin films on conduct- 
ing substrates with a single unique enystallite 
orientation (1-7). 

Although thin films of conjugated organi 
molecules are entering the marketplace as the 
active elements in yarious optoelectronic de- 
vices, the basic understanding of their electronic 
structure, crucial to their function, is lacking. The 


electronic band structure, electron enengy ver= 
sais momentum £(A), of the conjugated system 
defines both the electronic properties and. the 
‘optical properties of the so-called organic semi- 
conductors. 

Here we report the electronic 1 band struc- 
ture of sexiphenyl (6P), a rodlike molecule with 
six phenyl rings linked together inthe para 
position, obtained with ARPES fiom a (20-3) 
‘osented erystalline film andl compare the results 
With ab initio calculations (8), This orientation 
‘ean be grown on weakly interacting anisotropic 
substrates, such as Cut 10}p(2x 10 oF TiO 110), 
‘which uniasially align the molecules parallel to 
the atomic comigation of the substrate (9-13) 
‘The hand dispersions were measured parallel 10 
the long molecular axis and in two directions 
perpendicular to the molecule. In the direction 
pranllel to the molecules, the observed disper- 
sion, that is, the energy spread of related or 
bitals constituting a band, is determined by the 
molecule itself. This so-called intramolecular 
dispersion provides a textbook example of the 
formation of the band structure from discrete 
cexbitals of a quasi-one-dimensional system of 
well-defined finite size. Perpendicular to the 
molecules’ long axis, continuous bands reflect- 
ing the crystal lattice periodicity were observed. 
This anisotropy, together with the contribution 
fiom the various x orbitals with diflerent inter- 
molecular overlap, is discussed in light of band 
structure calculations (/4, 15), 

The 200 A-thick films investigated con- 
sisted of rectangular 6P(20-3) crystallites 
(200 nm by $00 nm), which completely tiled 
the p(2xJoxygen-reconstructed Cu(110) stb- 
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strate, The schematic of Fig. 1A shows a 6P20-3) 
‘oriented crystallite with the relevant dimensions 
and directions indicated. The (20-3) planes, parallel 
to the substrate, have a rectangular unit eell of 
546 A by ILI A and consist of uniasially ori- 
‘ented molecules whose aromatic planes are ited 
at 35° to the substrate. A scanning tunneling 
microscopy (STM) image of the 6P monolayer, 
fon which the crystallites: grow, with the two 
dimensional (2D) unit cell indicated, is shown in 
Fig, 1B, The molecule in the y direction are clese- 
pricked in columns, with their tit angle alemating 
between columns, In the crystallite, perpendicular 
to the surface (= direction), the molecules also 
have alternating tilt directions, leading to a 
Periodicity of 7.7 A or twice the interplanar 
dlistan 

Sexiphenyl consists of six phenyl rings 
with an inter-ting spacing of ~4.35 A. In the 
gas phase, steric hindrance of the hydrogen 
‘atoms of neighboring rings leads to a torsional 
angle of 30° benween adjacent phenyl units 
Structural studies have conchided that this 
twist in the molecule is removed on packing 
in the crystal, and the rings become co-planar 
(16). The electronic structure of the upper 
bands of 6P can be best conceptualized by 
considering the molecule as a chain of benzene 
rings, each contributing two degenerate x 
orbitals. On building the 12 x orbitals of the 
seximer, the two degenerate x orbitals. form 
inter-ring bonding and antibonding combina- 
tions (17), and so two x bands, consisting of 
six orbitals cach, arise. The energy spread of 


Fig. 1. (A) Representation of 
4 sexiphenyl (20-3) oriented 
‘crystal. The spacings (in A) in 
the three orthogonal direc- 
tions explored are indicated, 
(B) STM image of the sexi- 
phenyl monolayer template 
‘on which the 6P(20-3) crystal- 
lites grow. The 2D unit cell 
(11.1 A by 54.6 A) indicated 
is compressed in the y direc- 
tion relative to that of the 
(20-3) plane in the bulk 6. 
(© Schematic of the x band 
structure of an isolated planar 
6P molecule, showing a se- 
quence of orbitals defining 
bands derived from the two 
degenerate HOMOs of ben- 
zene. In the antibonding r or- 
bitals, atthe top of each band, 
the two degenerate x orbitals 
‘of benzene, from which they 
‘originate, are well expressed. 
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the orbitals, ic., the widths of the bands, is 
determined by the inter-ring overlap. The 
‘band, based on the combination of benzene 
orbitals with most weight at the linking carbon 
atoms consisting of the three highest anti 
bonding and the three lowest bonding orbitals, 
has the highest overlap between benzene rings 
and energy spread and will be called the de 
localized band. The other benzene x orbital 
hhas lower inter-ing overlap, and consequently 
bitals arising from it in 6P have 
lower energy dispersion, These intemmediate- 
energy “nonbonding” orbitals (8) will be 
referred to as the localized band. The degree 
of inter-ring overlap is naturally dependent on 
the molecules torsional angle, and the enerey 
dispersion of these bands will be lowest in the 
twisted gas phase molccules. 

‘The band structure, EVA) versus, of an is0- 
fated 6P molecule is ilustrated schematically in 
Fig. 1C. In the manner of Hoffmann (19), se 
rifieing precision for clarity, the 6P orbitals are 
best conceptualized as a linear combination of 
benzene orbitals 


Yen Sy 


Where a is the interring spacing and %y the ben- 
zene orbital of the nth ring. For the delocalized 
bband at k= 0, Wo ™ Eats is the most anti- 
bonding orbital [the highest occupied molecu 
lar orbital (HOMO), whereas at k= 2d, Mas 

,C-1)%e is the most bonding orbital (HOMO- 
11), This band decreases in energy from I (k= 0) 


a=4.35A 


to the first Brillouin zone boundary. In contrast, 
at k= 0, the orbital of the localized band is 
bonding, and this band will increase in encrey 
fiom the TF point. In the schematic, the orbitals 
at the extremes of the bands ane depicted (all 
crbitals can be found in fig. SI), These have 
been calculated by first principles density fune~ 
tional theory and differ from expectations fom 
a simplistic linear combination of benzene or- 
bitals because of the finite dimension of the 
chain, with the electron density tailing off toward 
the ends of the molecule. 

A-set of valence band photoemission spectra 
fiom the 7 orbitals, measured as a function of 
electron emission angle @) in the direction along 
the molecular axis, is shown in Fig, 2. The 
orbital emissions exhibit distinct maxima at dis- 
ercte @ values because different takeoff angles 
probe different momenta, After converting @ 
to momentum, the x band map of sexipheny! 
[E(k,)) is obtained (Fig, 2B). The density of 
states, derived from integrating the data over ky, 
is included on the side, and the orbitals of the 
delocalized x band are labeled, starting with 
the HOMO. 

‘The emission intensities of the molecular ot 
bitals are clearly not homogencously distributed 
in ky and distinct maxima are observed. If the 
crystalline periodicity of $46 A in this direction 
‘were dominant, the Brillouin zone would be 
ssnall (0.12 A“), Such a small k-space periodic~ 
ity would yield a more oF less constant intensity 
over the 3 A"! & range recorded (15), which is 
‘ot evident in the data. At first glance, the data 


HOMO of the ‘localized band’ 


: 
' 
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are very similar to that expected for an isolated 
molecule expressed in Fig. 1C. The six orbitals 
of the delocalized band are seen running down 
from the Brillouin zone center (Ky ~ 0) to ke = 
Wa, and the observed k-space periodicity of 
14 A relates well to the inter-ring spacing 
Within the mokeule of a = 4.35 A. Note that 
these orbital emissions are much stronger running 
Up fiom k = wa to 2a, which will be discussed 
With the Fourier analysi 
However, more features are seen than 
Would be expected for the band of the planar 
molecule, in particular the intensity around w/a 
for the HOMO and the HOMO-1. The 
ty in reciprocal space is not 
2wia but rather 2nd, indicating that the 
periodicity within the molecule is not the 
monomer spacing but the dimer spacing, 
‘which leads to a folding back of the bind, 
This periodicity can be rationalized by the 
molecule having a twisted conformation, at 
least in the near-surface region probed by 
ARPES, We have introduced the possibility 
‘of such a twisted conformation for 6P in the 
solid. state in earlier work from ionization 
energy considerations (20, 2/). From a band 
structure point of view, the delocalized ban! 
should rather be intepreted in tems of two 
minibands created by the folding back: an 
antibonding band consisting of HOMO, HOMO-1, 
and HOMO2 and a bonding band containing 
HOMO-9, HOMO-10, and HOMO-I1, with the 
‘qutsi- Brillouin zone boundary at 2a. 
Although the number of orbitals in a band 
is determined by the number of unit cells, the 


A-space widths of each orbital is reciprocally 
related to its spatial extent and thus the finite 
size of the system: an infinitely long polypara- 
phenylene chain would result in a band con- 
sisting of an infinite number of orbitals that are 
infinitely sharp in &. Thus, the Fourier transform 
of each orbital should reflect its & space spread 
(UZ, 22) In Fig. 2, the results of the Fourier trans- 
form of the six delocalized x orbitals cal- 
culated for a twisted 6P molecule are overlaid 
‘on the experimental band map. The agreement 
With experiment is remarkable, with the posi- 
tions, the & widths, and the relative intensities 
being fully reproduced. Of particular note is the 
[precise agreement of both position and relative 
intensities for the HOMO. and the HOMO-1, 
which are energetically well resolved from other 
‘bands, In fig. S2, the experimental intensity line 
scans atthe respective orbital enengies are shown 
in comparison to the Fourier transforms of the 
calculated orbitals for both planar and twisted 6P. 
Again, the better explanation of the data by 
{wisted 6P is emphasized. 

A surprising aspect of the comparison of the 
Fourier transforms with experiment is that the 
‘observed high intensities in the second Brillouin 
‘zone are reproduced. Photocmission intensities 
‘ean be determined by the transition matrix with- 
in Fermi’s Golden Rule and are generally dif- 
ficult to calculate, However, the mathematics of 
the Fourier transtom of the orbitals is equiy- 
alent to a calculation for the transition matrix 
from the initial state orbital toa plane wave final 
state (8), This analysis naturally neglects phase 
shift and ditfraction effects of the outgoing photo- 
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lectron; such scattering effects by each atomic 
potential and a reciprocal lattice vector would 
enhance the intensity of the HOMO at, which 
is not reproduced in the Fourier transform, 

As well as the distinct features associated 
With these delocalized x orbitals, the nonbond- 
ing xs appear as an almost-continuous intensity 
background in the region around 4.25 eV, that 
is, roughly between the two minibands, Close 
inspoction suggests that this localized band docs 
indced run up from the T point with a dispersion 
‘of about 0.2 eV. The orbitals of this band are 
near degenerate, as expected if the molecule is 
twisted, but, given the uncertainty arising from 
the experimental resolution and the proximity 
energy of HOMO-9, no strong conclision will 
bbe drawn fiom it, 

Such unambiguous observation of such intra- 
molecular orbital dispersion has been difficult 
to obiain, For relatively long alkyl ehitins, which 
pack vertically in films, the bands from normal 
emission experiments have been plotted, but, 
because of the necessarily large number of re= 
‘peat units, the discrete orbitals could not be ob- 
served (4, 6, 23), Similar measurements on films 
of upright 6P itself (/) could not resolve these 
features because, in the 6P(001) orientation, the 
mokeules are actually at 17° from normal. 

We now consider the angular behavior of the 
‘orbital emissions in the direction perpendicular 
to the molecular axis. In this direction, the mol 
sccules present themselves as relatively densely 
packed x stacks with a periodicity of 5.6 A (Fig, 
1A), the closest interplanar spacing for the mol- 
cules in a 6P crystal. Any intermolecular over 
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Fig. 2. (A) The set of He | photoemission spectra of the 6P x bands 
measured for electron emission angles from —45° to 70” in the plane 
containing the long molecular axis and the surface normal. (B) The set of 
photoemission data presented as a contour map. The color scale is linear 
with highest intensity dark. The energy scale is referred to the Fermi level 
of the substrate, whereas the momentum (k,) derived from the electron 
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‘emission angle 0, ky = [2m iq/")'*sin0, is given in A. The density of 
states (DOS) is onthe left with all orbitals enumerated. The Fourier 
spectra from the DFT-calculated orbitals of an isolated twisted 6P 
‘molecule are overlaid on the experimental band map. A reciprocal lattice 
vector (G) of ~2/a rather than 2r/a is observed. The two dotted sinusoids 
‘on the left guide the reader's eye to the two minibands. 
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lap, and thus any considerable intermolecular 
dispersion, would be expected to be in this di- 
rection. In the photoemission data over a 60° 
range of taken angle, the delocalized x orbitals 
are weak, and the x band emissions are dom- 
inated by the localized band [nonbonding or- 
bitals (fig, $3)) In contrast to the ky data the ky 
data show very little intensity variation with 
angle, and the major change is in the energy 
position of the nonbonding feature. The data are 
presented in an intensity map in Fig. 3 afler con- 
version fiom 6 10 k. The only delocalized orbitals 
‘of the molecule that can be truly distinguished 
are HOMO and HOMO-1, Their intensities are 
spread almost uniformly in ky, with a barely 
discemable energy dispersion, Such lat bands 
imply these orbitals are localized to the mol 
coules. These orbitals have litle overlap be- 
tween molecules in the erystal and are unlikely 
to be directly involved in so-called band trans- 
por, In the £Uk,) map, the energy changes in the 
honbonding orbitals are visibly periodic in k 
‘This band runs up from T to a zone boundary at 
~0.56 A"', which implies a real space lati 
Periodicity of $.6 A, which is the same as the 
molecular spacing of the bulk crystal in 
direction, 
‘This intermolecular band has « dispersion of 
0.7 eV, which is very large for a film with 3 
single component (5). Such a lange dispersion 
implies that these nonbonding orbitals are de- 
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localized throughout the 6P molecular crystal 
The direction in which the band dispersion runs 
also reveals packing information. If the mole- 
cules were stacked face-on, this band would run 


down from T’, That it disperses up is a result of 


til of the molecular plane inherent in the herring 
bbone structure (Fig. $4). 

The results of the band structure calculations 
for the crystal of planar 6P molecules in this 


direction are overlaid on the experimental data 
of Fig. 3. Each mokcular orbital ofthe isolated 


ives rise to two near-degenerate bands 
because there are two 6P molecules per unit cell 
in the erystal. The predicted dispersion of the 
delocalized xs HOMO and HOMO-1 is ~0.1 
eV, which is of the onder of the experimental 
resolution at room temperature and canbe 
‘barely discemed in the experiment. For the 
localized band, all defining parameters. that is, 
the direction, periodicity, and size of the 
dispersion, are in good agreement with experi- 
ment. At the T point, the band is experimentally 
sharper in energy than the calculation, This 
discrepancy between theory and experiment 
arises presumably because the molecules are 
fact not planar (24). A twist in the molecules 
leads 10 8 collapse to near degeneracy for the 
localized orbitals, 

We have also investigated the band structure 
perpendicular to the surface plane [EIA] by 
reconling the photoemission spectra in: normal 


08 


Fig. 3. The band map as measured perpendicular to the molecular axes. The momentum k, is given 
in A, and the expected Brillouin zone boundary for b = 5.6 A (0.56 A~) is indicated. The band 
structure in this direction calculated from the bulk structure of 6P is superimposed on the data for 
the second Brillouin zone. The theoretical result fits the experiment well, reproducing not only the 
very weak dispersion in the bands derived from the orbitals delocalized (blue lines) over the 
molecule (HOMO and HOMO-1), but also the strong dispersion of the orbitals localized (white lines) 


‘on the phenyl rings in the isolated molecule. 
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jon as a function of photon enerzy [40 10 
V (fig. SS)), The results are qualitatively 
Similar to the y direction discussed above, in that 
the orbitals of the delocalized x band are weak 
With litte intensity variation, The dominating 
nonbonding orbitals display a smaller dispersion 
of 035 eV. The observed periodicity is 0.7 At 
and reflects the interplanar distance of 38 A 
rather than 7.6 A and is in agreement with band 
sinicture calculations in this direction, 

Controlled film growth has allowed both 
the intra- and intermolecular band structure of 
prototypical x conjugated system to be 
directly determined. Perpendicular to the mol- 
ecules, the observed hand dispersion reflects 
the lattice spacing of the crystal, Interestingly. 
the orbitals delocalized over the molecule 
seen to be localized on the mok 
crystal, whereas the orbitals local 
phenyl building blocks of the molecule are 
delocalized in the erystal and form strongly 
dispersing bands, In the direction parallel to 
the molecules, the intermolecular over 
seen to be negligible, and the result reflects the 
formation of the band structure of an isolated 
molecule out of individual orbitals. In this 
cease, the individual orbitals constituting the 
band are resolvable, and it ean be concluded 
that the molecules in fact adopt a twisted 
conformation 

The results are also important for orga 
thin film fabrication, where, for example, the 
effects on the electonic structure of structural 
phase transitions or different thin film poly- 
‘morph structures, common in the onganies, are 
as yet w be explored, The challenge is to control 
the organic thin film growth, as done here, 10 
achieve highly oriented molecular films with a 
single erystalline orientation, 
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Spontaneous Superlattice 
Formation in Nanorods Through 
Partial Cation Exchange 


Richard D. Robinson,? Bryce Sadtler,?* Denis 0. Demchenko,’* Can K. Erdonmez,? 


Lin-Wang Wang,’ A, Paul Alivisatos? 


Lattice-mismatch strains are widely known to control nanoscale pattern formation in heteroepitaxy, but 
such effects have not been exploited in colloidal nanocrystal growth. We demonstrate a colloidal route 
to synthesizing CdS-AgzS nanorod superlattices through partial cation exchange. Strain induces the 
‘spontaneous formation of periodic structures. Ab initio calculations of the interfacial energy and 
modeling of strain energies show that these forces drive the self-organization of the superiatties. The 
anorod superlattices exhibit high stability against ripening and phase mixing. These materials are 
tunable near-infrared emitters with potential applications as nanometer-scale optoelectronic devices. 


he ability to pattem on the nanoscale has 
Tisserant 

‘materials with controllable quantum ener= 
gy levels, Structures such as quantum-dot arrays 
and nanowire heterostructures ean be fabricated 
by vacuum and vapor-deposition techniques 
such as molecular beam epitaxy (MBE) and 
\Vapor-tiquid-solid (VLS) processes, resulting in 


LE 


‘Agt 


Fig. 1. TEM images of superlattices formed through partial 
cation exchange. (A) The original 4.8-by-64-nm CdS 
nanorods. (B and C) Transformed CdS-Ag,S superlattices. 
(Inset) Histogram of AgaS segment spacing (center-to- 
center). The average spacing is 13.8 + 3.8 nm. The sample 
set for the histogram was greater than 250 spacings. 
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‘quantum-confined units that are attached to a 
substrate or embedded in a solid medium (JS). 
A target of colloidal nanocrystal research is 10 
create these same structures while leveraging the 
advantages of solution-phase fabrication, such as 
Jow-cost synthesis and compatibility in disparate 
environments [¢.., for use in biological labeling 
(6. 7) and. solution-processed light-emitting 


lids (8) and solar cells (9)}. One key difference 
between quantum dots epitaxially grown on a 
substrate and fivestanding colloidal quantum 
dots isthe presence of strain, In epitaxially grown 
systems the interface between the substrate erys- 
tal and the quantum dot ereates a region of strain 
ssunounding the dot. Ingenious, this local stra 
haas been used fo ereate an energy of interaction 
between closely spaced dots this use of "sta 
engincering” has Jed, in tum, to quantun-dot ar 
rays that are sptially patiemad in two (ane! even 
thice) dimensions (2-4), We demonstrate the 
application of strain engineering ina colloidal 
uantum-dot system by introducing a metho that 
spontancously ereates a regularly spaced ar 
rangement of quantum dots within a colloidal 
quantum re 

‘Alinear array of quantum dots within a nano 
rod effectively creates a one-dimensional (1D) 
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superlattice, promising new generation of 
materials (/0, 1). Such 1D superlattices exhibit 
confinement effects and are unusual because of 
their ability wo tolerate large amounts of lattice 
mismatch without forming dislocations and 
degrading device performance (/2, 13). Strong 
‘coupling of electronic states makes them inter- 
esting for optical s 
for photonic applications, On 
perlattices are also of interest 
devices and the study of ionic transport in 1D 
systems. VLS growth has demonstrated the for- 
mation of extended nanowi 
alternating SiGe or InAs-InP) cor 
dreds of repeat units (/4-16). To achieve this, 
the precursors are altemated for the growth of 
1 The formation of LD superlattices by 
this same time-dependent variation of precursor 
concentration is out of reach for present col 
Joidal growth techniques. The largest number of 
alternating layers produced so far i three, and 
yet the sequence of purifications required in that 
instance was already taxing to implement (17), 
Cation exchange provides a facie method 
for systematically varying the proportion of 
two chemical compositions within a single 
nanocrystal, We have previously shown that 
cation exchange can be used to fully (and 
revensbly) convert CdSe, CAS, and CTe nano- 
crystals to the comesponding Ag-chaleogenide 
nanocrystal by a complete replacement reaction 
of the Cd?” cations for Ag” cations (78), The 
resultant material is the Aganion analog of the 
starting material (ic, AgaSe, AgS, and AgsTe). 
The size and shape of the nanocrystal are 
preserved! when the nanoerystal has: minimum 
imensions greater than 4 nm (18). The high 
mobility of cations in the CdS¢Se,Te) lattice 
suggests that partial cation exchange may lead 
to interesting pattems of segregated domains of 
Ag chalcoyenide within a Cd-chaleogenide 
nanorod. This fed us to investigate the possibil- 
ity of converting a previously formed nanowod 
‘oF a single chemical composition into a striped 
pattem by a single-step partial chemical trans- 
formation. In the ease explored here, a linear 
arrangement of regularly spaced Ag3S dots 
‘contained within a CdS rex forms spontancous- 
ly at ~36% cation exchange. The near-infrared 
(NIR) band gap of the AgsS dots is embedded 
within the lager gap of the CdS, creating a type 1 
heterostructure With interesting optical properties. 
Siidics of partial cation exchange for 4.8-by 
{64-nm CdS wo CdS-Ag3S nanorods are shown in 
transmission electron microscopy (TEM) images 
in Fig. 1. In these experiments, the initial CdS 
nanorods (Fig. 1A) were exceptionally smooth 
and the tod diameter was tightly controlled (SD 
10%), whereas the length varied between 30 and 
100 nm. The CdS colloidal nanoreds were added 
toa solution of toluene, ANOS. and methanol at 
{66°C in air (19). The concentration of AgNO 
was a controlled faction of the concentration of 
Cd?" jons present in the starting material. In the 
presence of excess Ag”, the rods are completely 
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converted to Ags (/8). However. when the Ag” 
ions are limited to yiekt approximately 36% 
exchange, the resulting nanoreds displayed a 
periodic pattem of light- and dark-contrast 
regions (Fig. 1, B and C). The average spacing 
between the dark regions is 13.8 nm, with a 
standard deviation of 28% (Fig. 1C, inset). The 
spacing between periodic nts. can be 
controlled by the diameter of the initial CdS rod 
SI). 

Examination of these regions shows that the 
fight- and dark-contrast regions an C 


AgsS, respectively: Energy-dispersive x-ray spac- 
troscopy (EDS) indicates that the striped rods 
altemate between Cd-S~ and Ag-S-rich regions 
(Fig. 2A) (20), Powder x-ray diffraction (XRD) 
data confirms the presence of wurtvite CdS and 
‘monoclinic acanthite AgoS (Fig, 2B) (21), Peaks 
appearing in the original CdS rods can be in- 
dexed to wurtzite CdS [loint Committee on 
Powder Diflmaction Standards (JCPDS) 41- 
1049}, and those in the fully exchanged rods 
‘aan be indexed to acanthite (ICPDS #14-0072), 
Peaks visible inthe striped rods can be attributed 


Fig. 2. Characterization 
(of CdS-AgaS heterostruc- 
tures. (A) EDS spectra of 
the striped rods at the 
(top) light- and (bottom) 
dark-contrast_regions, 
corresponding to Ca-S~ 
and Ag-S-rich regions, re- 
spectively. a.u, arbitrary 
units. (B) XRD spectra of 
CdS rods (black ine), 
striped rods (blue line), 
and fully exchanged 
‘AgaS rods (green line). 
‘Spectra from the striped 
rods show new peaks 
corresponding to gS 
and a modified (002) 
peak, indicating inter- 
ruption of the CaS lattice 
along the rod axis. 


Counts (a.u.) 


Fig. 3. Effects of 
increasing AgNOs 
concentration. (A 
and BY TEMimages. 
(W) tow concen- 
tration (Ag*Kd** 
0.2). (B) Inter- 
mediate concentra- 
tion that produced 
the nanorod super- 
lattices (Ag"ice* 
0.9), Scale bar (A 
and B), 20 nm. (C 


concentration. More 
than 250 nanorods 
were examined for 
each histogram. 


Intensity (a.u.) 


Sor 23 45 67 8 910 
‘Normalized spacin 


(E and F) Pair-distibution histograms for Ag,S regions on individual Cd5-AgaS nanorods. (E) Low 
and (F) intermediate concentration. Intrarod distances between each AgzS region, measured for 200 
rnanorods in each of the sample sets shown in (A) and (B). Spacings were normalized by the number of 
‘AgaS regions and the Lenath of the rod. Low concentration (E) shows no correlation beyond the nearest- 
neighbor spacing. Intermediate concentration (F) shows 2 periodicity, which extends over several 


nearest neighbors. 
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Purely to a combination of these two phases. No 
Ag peaks are present. Furthermore, a simulation 
fof the XRD patter for a mixture of AgsS and 
(CS crystalline domains with dimensions match- 
ing those of the simple agrees qualitatively with 
the experimental pattems, in terns of the relative 
intensities of AgaS peaks to CdS peaks, support 
ing the extent ofthe conversion observed in TEM 
images (fig. S2). In our experimental XRD pat- 
tems, the CaS (002) peak is broader and weaker 
for the striped rods than for the initial CAS sam- 
pile, This indicates a decreased CdS crystallite size 
along <O01> [the growth axis of the rods (22)] 
after the partial ion exchange. Debye-Scherrer 
sis of peak widths for several striped-rod 
samples indicates that the CdS grain size along 
the axis has decreased fiom >30 nm to 1210 16 
tim forthe striped rods, The decrease in grain size 
along this direction is attributed to the interrup- 
tion of the {001} planes by the AgsS material, 


images show that the A 
box range of separations at low concentrations 
(Fig, 3A), become increasingly ordered at slight 
ly higher concentrations (Figs. 1, B and C, and 
3B), The change in the number and perieicity 
(spacing) of the AgsS regions suggest a system- 
atic onganization as the volume fraction of Ag3S 
nerwases (Fig. 3, Cto F), Intrarod AgsS spacings 
were correlated through a pairdistribution fan 
tion in which the distances between each AgsS 
region and all other AgsS regions on a rex were 
measured, The onganization of the AgsS regions 
into superlattices is seen in the periodicity of the 
histogram (Fig. 3F), extending over several 
nearest-neighbor distances. In the superlattices, 
the AggS regions are spaced evenly along the 
rod, whereas no periodicity is seen forthe lower 
Ag! concentration (Fig. 3E), 

‘The mechanism by which the initial arrange- 
ment of randomly distributed small islands of 
Ag3S evolves into a periodic, ID patter is of 
particular interest. Because there exists a posi- 
tive CdS-Ag3S. interfuce formation energy 
GCLO8 eV per Ca 


lementary interface 
unit, ffom our ab initio caleulations), it is 
‘energetically favorable to menge small Ag3S 
islands into larger AgsS segments, The fist 
illusion of cations leads to a situation where 
Ostwald ripening between the initially formed 
islands of AgsS ean occur, so that larger islands 
‘grow at the expense of nearby smaller ones 
Diflusion of the cations is allowed because both 
Ag’ and Cd?" are considered fast diffusers 
(23-25), Also, Ag chaleogenides exhibit super- 
ionic conductivity in their high-temperature 
phases (25), A critical juncture occurs when the 
regions of AgsS grow to the point where they 
span the diameter of the red. At this point 
funher Ostwald ripening is kinetically pro- 
hibited, because an atom-by-atom exchange of 
Ag’ among segments will not reduce the total 
interfacial arwa. This leads to AgsS segments of 
nearly equal size (fig. S3) The rod is in a 
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metastable state: ic, the complete joining of 
two Ag:S regions is always a lower-energy 
configuration, but one that cannot readily be 
accessed by simple atomic-exchange events 

A sccond factor that promotes the regular 
spacing of the stipe pattem is the elastic repul 
sion between two Ag3S segments because of the 
strain in the imervening CaS region, A: model 
for the coherent atomic connection between the 
two materials is shown in Fig. 44 (26). To 
match the basal lattice constant for CdS (43 A), 
the AwsS body-centersd-cubic lattice in the 
plane of interface has 10 expand by 4% in one 
direction and contract by 15% along the 
pependicular direction. There is a repulsive 
clastic force between segments of like material 
Ibecause of the resulting strain fickls. Results 
from valence force fick! (VFF) modeling (27) 
show that the elastic energy stored in the rex! 
increases markedly as two AgsS segments 
approach each other (Fig. 4B), Bond strain in 
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the = direction (axial) is. responsible for the 
repulsive clastic interaction (Fig. 4C), CUS atoms 
ate pushed away fiom the closest AgoS segment, 
forming convex-shaped atomic layers. For two 
AgsS segments approaching cach other, the 
displacements in the CaS are in opposite 
dliections, leading to an interaction term between 
the fickls that gives higher strain energy at 
ssnaller separations (28), The mode! is consistent 
\with the experimental finding that increasing the 
od diameter increases the spacing between 
segments (fi. S1). Similar eflects of spontaneous 
ordering of quantum dots in two dimensions 
produced by MBE growth have been explained 
‘with coresponding anguments fe.g., (3)). How- 
exer, the ID geometry explored here imposes 
stronger constraint on ripening processes, leading 
4 an especially robust path 10 stable, regularly 
spaced quantum dots within a rod. 

The importance of strain in ataining the su- 
perlattice pattem can be illustrated by examining 


Fig. 4. Theoretical modeling and experimental optical characterization. (A) Cubic-cutout 
representation of cells used for ab initio energy calculations. A distorted monoclinic AgaS (100) 
plane connects with the wurtzite CdS (002) plane. (B) Elastic energy of the rod as a function of 
segment separation (center-to-center). (C) Z-axis strain for the case of two mismatched segments at 
a center-to-center separation distance of 14.1 nm (top) and 12.1 nm (bottom). The elastic 
interaction between segments is greatly reduced for separations >12.1 nm. Arrows show the 
placement of mismatched segments. The CaS rods used for VFF calculations (B and C) were 4.8 nm 
in diameter, with two 4.8-by-4.0-nm lattice-mismatched segments. Effective elastic constants for 


the mismatched segments were from ab 


calculations for monoclinic Ag,S. (D) Visible and (E) 


NNIR PL spectra at i = 400- and 550-nm excitation, respectively. Coupting between the CdS and Ag,S 
is evident by the complete quenching of the visible PL (D) in the heterostructures. The shift in NIR PL 


(B) is due to quantum confinement of the AgzS. 
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similar studies of metal fons reacting with 
semiconductor nanocrystals. Mokari et af and 
Saunders ef al. have created interesting metal 
semiconductor nanoerystal heterostructures. by 
reducing Au’ ions onto InAs quantum dots (29) 
and CdS/Se nanorods (30, 37), Because Au?” has 
4 much greater electron affinity than Ag, re 
duction ofthe ion takes place rather than an ex 
change reaction, The positive interfacial eneny 
between the two materials drives a phase: segre- 
ation, similar to our AgsS-CaS system, lean 
to Ostwald ripening. However, epitaxial strain 
does not play a major ole in the Au growth, and 
these helerostnictures continue to ripen ino 
single-metal domains, either atthe tip of the rod 
(CaS'Se), oF inside the quantum dot (InAs). In 
cconirast, the epitaxial relationship between the 
two phases in the AgzS-CdS superlattice struc- 
tures results in strain fields from the fatice mis- 
Inateh, whieh cause like segments to repel each 
‘other, preventing farther ripening 

‘The resulting striped rods display proper 
ties expected of a type T amay of AgsS quan- 
tum dois separated by confining regions of 
CdS, in agreement with our ab initio calew 
lations of the band structure. The visible CaS 
photoluminescence (PL) is quenched, indicat- 
ng coupling b hhotero- 
junction (32) Ags 
segments is observed (Fig. 4, D and E). The 
band wap of the AgsS segments depends on 
their size, matehing the bulk value (33) for 
fully converted nanoreds and shifting to higher 
energy in. smaller dots because of quantum 
‘confinement (Fig. 4E). In the present contigue 
ration, the AgS quantum dots are only very 
weakly coupled to each other, because the CdS 
segments are large. Such structures ane of 


interest for colloidal quantum-dot solar cells, 
Where the sparse density of electronic states 
within a dot_may to multiple-exciton 


generation (34). The formation of nanorod 
superlattices. through partial cation exchang 
ean also be applied to other pairs of semi- 
conductors yielding a broader class of quanntur- 
confined structures. Cation-exchange reactions 
have already been reported in HgS, AgsS, Sn. 
CdS. ZnS, CugS. Bigs, and SbySy (35-37). 
Two-component combinations of these com- 
pounds can produce materials with functional 
properties ranging from type I (ext, ZnS-AusS) 
and type Il (ee, CugS-CaS) band alignments to 
thermoelectric-power junctions (,z., CUS-BisS3). 
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A Late Triassic Dinosauromorph 
Assemblage from New Mexico and 
the Rise of Dinosaurs 


Randall B. Irmis,** Sterling }. Nesbitt,”** Kevin Padian,* Nathan D. Smith,** 


‘Alan H. Turner,” Daniel Woody,* Alex Downs” 


thas generally been thought that the first dinosaurs quickly replaced more archaic Late Triassic faunas, 
either by outcompeting them or when the more archaic faunas suddenty became extinct, Fossils from 
the Hayden Quarry, in the Upper Triassic Chinle Formation of New Mexico, and an analysis of other 
regional Upper Triassic assemblages instead imply that the transition was gradual. Some dinosaur 
relatives preserved in this Chinle assemblage belong to groups previously known only from the Middle 
and lowermost Upper Triassic outside North America. Thus, the transition may have extended for 15 to 
20 million years and was probably diachronous at different paleolatitudes. 
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When they replaced faunas dominated by a 
Variety of basal archosaurs and other amniotes 


GA, Archosaurs are divided into 1wo primary 
Tincages the Pseudosuchia, which include phy- 
tosaurs, actosaurs, “rauisuchians.” and croco- 
dylomomphs, and the Omithodira, which include 
plerosaurs, basal dinosauromorphs such as 
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Lagerpeton and: Marasuchus, and dinosaurs 
(5, 6) By the beginning ofthe Jurassic, all ofthese 
clades except the dinosaurs, pterosaurs, and 
cerocodylomorphs became extinct (7). The pace 
Cf this faunal tumoyer is poorly understood, even 
though Late Triassic skeletal and footprint as- 
semblages are distributed worldwide (8), Most 
‘evidence has supported the hypothesis that dino- 
saurs diversified in the Late Triassic after the 
more archaic faunas were eliminated, either by 
rapidly outcompeting the archaic forms or re- 
placing them quickly and opportunistically after 
they died out for other reasons (/, 2, 6, 9, 1). 
rather than by more gradual processes of eco- 
logical replacement 

Until recently, the only evidence of dinosaur 
precursors was from the Middle Triassic 
(Ladinian) terrestrial Chaiares Formation of 
Angentina (17-13), Without evidence from other 
‘continents, the South American fossil recon 
suggested that the Middle Triassic basal dino- 
sauromorphs gave Way to the earliest dinosaurs 
relatively abruptly at the beginning of the Late 
Triassic, This understanding of early dinosaur 
‘evolution began to change with several new dis- 
‘coveries: Silesaurus opolensis (14) demonstrated 
that basal dinossuriforms survived into the Late 
Triassic; & reappraisal of the North American i- 
nosaur record suggested that Triassic dinosaurs 
were less diverse and rarer than previously 
thought (/5}, and a reevaluation of putative Tri 
asic omithischian dinosaurs showed that most 
\were misidentified (76), Here we describe fossils 
from the upper Chinle Formation (Upper Trias- 
sic) Hayden Quarry (11Q) in New Mexico dem 
‘onstrating that carly dinosaur faunal replacement 
\wass neither abrupt nor as simiphe as previously 
thought and also that much of it eceurred in North 
America, 

‘The HQ was opened to large-scale excavation 
in 2006, and since then our fied crew has col 
lected and cataloged nearly 1300 vertebrate 
specimens. Stratigraphically, the H1Q lies approx- 
imately 65 m below the famous Ghost Ranch 
Cocloplysis Quarry, 1S m below the Snyder Quar- 
ry, and 12 m below the Canjilon Quary (Fiz. 1) 
(27), These four quarries ie within several kilo 
meters of each other and preserve diferent but 
partially overlapping assemblages (Table 1). The 
HQ assemblage includes pseudopalatine phyto- 


satiny and the aetosaurs. Tipothora coceinarum 
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and Rioarribasuchus chamaensis, indicative of a 
Novian age (J7-19). 

The HQ has a diverse tetrapod assemblage: 
in addition to various representatives of phyto- 
saurs, actosaurs, “rauisuchians,” and other 
archossuromomphs. the HQ preserves several 
dinosaur taxa, including the basal saurischian 
Chindesaurus bryansmalli and coclophysoid 
theropods. The sauropodomorph and ornithis- 
chian dinesaurs known from high-palcolatitude 
sites of Europe and Gondwana are absent, as 
they are from all other North American Triassic 
assemblages (/5, /6), The HQ also contains the 
remains of non-dinosaurian relatives of dinosaurs: 
basal dinossuriform similar to Silesaurus and a 
new non-dinosauriform inosauromorph similar 
to Lagerpeton (a taxon known only from the 
Middle Triassic of Angentina) (/1), which we 
describe here. 

Archosauria Cope 1869 sensu Gauthier and 
Padian 1985; Dinoswuromorpha Benton 1985 
sensu Sereno 1991; Dromomeron romeri, gen. & 
sp. now. 

Etymology. Dromomeron, from dromas 
eck word for running) and meras (Greek 
word for femur); romeri, for Alfred Sherwood 
Romer, who first described the dinosaur precur- 
sors fiom Argentina, including Lasgerpeton, 

Holotype. Complete left femur, specimen 
number GR 218 (Fig. 2, A to D), reposited in the 
collections of the Ghost Ranch Ruth Hall 
Muscum of Pakontology (GR) 


UPPER TRIASSIC 
CHINLE FORMATION 


REPO! 


Paratypes. Adkitional specimens were found 
within several fect of the holotype. A right femur, 
GR 219, and a Kft tibia, GR 220, may belong to 
the same individual as the holotype. Additional 
material includes GR 221, a partial left femur; 
GR 222, acomplete let tibia Fig. 2, E10 );GR 
223, a complete astragalocalcancum (Fig. 2, I-10 
Ky: and GR 234, a nearly complete right emu. 


RTS iH 


Referred material. New Mexico Muscum of 


Natural History (NMMNU) P-33379, a complete 
astragalocalcancum, 

Locality and horizon, Site 3, HQ, Ghost 
Ranch, Rio Arriba County, New Mexico, USA. 
‘The HQ is in the lower portion of the Petrified 
Forest Member ofthe Upper Triassic Chinle For- 
‘mation, The referred NMMNI specimen is from 
the nearby Snyder Quarry (20), also within the 
Petrified Forex’ Member, The Petrified Forest 
Member in this area is of Norian age, according 
to fossil pollen and vertebrate biostratigraphy 
(17-19, 21, 22), 

Diagnosis, Differs fiom all other dino 
ssuromorphs except Lagerpeton chanarensis 
in possessing a hook-shaped femoral head 
(Fig, 2A), a lateral emargination ventral to the 
femoral head (Fig. 2A), an enlarged postero- 
medial tuber on the proximal portion of the 
femur (Fig, 2, B and C), an enlarged crista 
tibiofibularis on the distal end of the femur 
(Fig. 2D), a posteromedial erest on the distal 
end of the tibia (Fig. 2H), and an astragalus 
With a posterior ascending process (Fig. 2, 1 


Fig. 1. Stratigraphic position of the HQ and related assemblages. SS, sandstone. 


SCIENCE VOL 317 20 JULY 2007 


359 


| REP 


360 


'ORTS 


from Lagerpeton in possessing 
4 much larger crista tibiofibularis; and differs 
from all other basal dinosauromorphs in the 
absence of a fourth trochanter (Fig. 2, A and 
B), the presence of a sharp ridge on the antero- 


Table 1. Tetrapods from Chinle Formation quarries in the Chama Basin, New Mexico. Hayden 
Quarry, HQ; Canjilon Quarry, CN; Snyder Quarry, SQ; Coelophysis Quarry, CO; Petrified Forest 
‘Member at Petrified Forest National Park, Arizona, PF. See supporting online material (17) for 


‘voucher specimen numbers, 


medial edge of the distal end of the femur (Fig. 
2D), and a lange crest on the anteromadial edge 
of the astragalus (Fig. 21) (autapomorphics). 
Phylogenstic analyses consistently place 
Lagerpeton chanarensis closer to dinosaurs than 


to pterosaurs and pscudosuchians (6, 17, 23) 
(Fig. 3). The referred tibiae of Dromomeron 
share two synapomorphies with Lagerpeton: 
distal end with a posteromedial crest (Fig 2H) 
and a posterolateral concavity for the re 
of the posterior ascending process of the 
astragalus. The distal end of the tibia of 
Dromomeron also possesses an anteromedial 
concavity for the reception of the enlarged 
antcromedial erest of the astragalus, creating 
anteromedial-posterolaieral groove in the distal 


mie ie a 50 © pF end ofthe tibia Fig. 2, E and H). The asiragalus 
‘overlaps the cakeaneum dorsally (Fig, 2K). The 

Mean x x ® é % caleancum is triangular in dorsal view, widening, 

repent x : : x. Mietiorly and narowing postaronly (Fig. 

Vance x : i X Our phylogenetic analysis places Dromameron 

fomadpaatis wp s ‘ H X as the sister tayon to Lagerpeton ana recovers 

Dealer eee ‘ u X this clade as the sister taxon to all other dino 

Rioartibasuchus chamaenss ssiuromnphs (Fig. 3)(07) 

Rauisuchia’ x x x x x r 

a ca x x X Abthough most of the HQ 

Shen tb X-aticulited, several diagnostic chm 

ceeeieear x ¥ taxon have been recovered, Material of the 

cde x Silesaurus-like dinosauriform includes a partial 

Seen e x Wothrbearing. dentary (GR 224) (Fig, 2L), an 

Obes x ‘ ‘ 6 Xt (GR 225) (Fig. 2M), and a prosimal 

oelophysoidea (GR 195) (Fig. 2, N to O). This material may be 
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2. Dinosauromorphs from the HQ. (A to D) Femur of D. romeri (GR 218) 
‘gen. et sp. nov. in anterior (A), posterior (B), proximal (C), and distal (D) view. 
(E to H) Tibia of D. romeri(GR 222) in anterior (B, lateral (F), proximal (G), and 
distal (H) view. Ito K) Astragalocalcaneum of D. romeri (GR 223) in proximal 
(V), anterior (), and posterior (K) view. (Lto 0) Silesaurus-tike dentary (GR 224) 
in medial view (L),itium (GR 225) in Lateral view (M), and proximal femur (GR 
195) in proximal (N) and posterior (0) view. (P) Chindesaurus bryansmalli 
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femur (GR 226) in posterior view; and (Q) coelophysoid theropod fused tibia, 
fibula, and astragalocalcaneum (GR 227) in anterior view. Abbrevations are as 
follows: anteromedial crest (amc), anteromedial process (amp), anteromedial 
ridge (amr), brevis fossa (bf, calcaneum (ca), cnemial crest (cn), crsta 
tibiofibularis (c, groove (gr), lateral emargination (le meckelian groove 
mg), notch (n), posterior ascending process (pap), posteromedial crest (pm), 
posteromedial tuber (pmt). Scale bars, 1 cm. 
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Fig. 3. Phylogenetic position of D. romeri gen. 
et 5p. nov. among archosaurs. A single most- 
parsimonious tree was recovered from a parsi- 
‘mony analysis of 26 taxa and 127 characters 
(17). Pseudosuchia, Ornithischia, Sauropodo~ 
morpha, and Theropoda have been collapsed 
for brevity. Stars indicate taxa present in the 
HQ. For lineages that do not extend into the 
Jurassic, the length of the gray bar indicates 
stratigraphic imprecision. Ind, Induan; Olen, 
Olenekian; Rhaet, Rhaetian. 


referable to Encoelophysis baldwin a Silesaurus- 
inosauriform known from the same strati- 
graphic unit (/5. 17) The dentary shares two 
synapomorphies with Sifesaurus: striated tooth, 
bases that partially fase to the jaw (unlike 
‘omithischian dinosaurs) and a Meckelian groove 
near the ventral border of the dentary that ex- 
tends to the anterior tip (Fiz. 2L). The tecth are 
subtriangular with enlarged denticles, a labial 
basal swelling of the crown, and a. distinct 
narrowing at the base of the crown similar to 
the herbivorouslike teeth of other archosaurs 
(16, 24). They lack the distinet striations found 
toward the tip of Silesaurus teeth (14). The ilium 
shares with Sifexaurus an enlarged brevis Fossa 
erally (Fig. 2M) 
noral head is triangular in proximal view 
g. 2N) and bears a small notch ventrally 
20); both of these characters are found 
Hevaurus, Eucoelophysis, and. Pseudo 
lagosuchus (15). 

A complete femur (GR 226) displays an 
autapomorphy of Chindesaurus bryunsmalli: an 
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clongate, subrectangutar femoral head with a fat 
proximal surface (/5) (Fig. 2P). One example of 
recovered coclophysoid material isa fused tibia, 
fibula, and astragaloeakcancum (GR 227) (Fi 
2Q): the fission of these elements is present in 
coclophysoid and neoceratosaur theropods 
and a specimen from the nearby Snyder Quay 
also display’ this character (/6, 26). An unam- 
bbiguous coclophysoid synapomorphy present in 

AR 227 is a small anteromedial process on the 
distal fibuls that overlaps the ascending process 
of the astragalus (Fig. 2Q) (25). 

The HQ assemblage changes our picture of 
the arly evolution of dinesaurian faunas in 
several ways. Fins, it documents that a mixed 
assemblage of te dinosaurs and their basal 
dinosauromomph relatives lived together along 
with other typical Triassic tetrapods in the 
Norian. Our investigations have found the same 
cco-cecurrences in several other Chinle Forma- 
tion and Dockum Group localities in Arizona, 
New Mexico, and Texas (/5, 17), Therefore, the 
HQ assemblage cannot be explained by time- 
averaging of sedimentation or redcposition of 
earlier fossils [which is confirmed by our 
sedimentological and stratigraphic analysis. of 
HQ (29), The HQ assemblage also rwinforces 
the pattern that low-palcolatitude faunas of 
southem Non America differ fom the high- 
palcolstitude faunas of Europe, Greenland, 
South America, and South Affica in lacking 
‘basal sauropodomorph and rare omithischian 
dinosaurs. This biogcographic disparity may 
reflect a real large-scale climatic or latitudinal 
effect (27), smallerscake community or ecolog- 
ical differences, of merely faciestependent 
sampling. biases 

The HQ assemblage and others of westem 
North America and Europe document the per 

jstence of basal dinosauromorphs well into 
the Late Triassic. In Argentina, Lagerpeton, 
Marasuchus, and Pscudolagosuchus are con- 
fined to the Middle Triassic (Ladinian) Chafiares 
Formation and never occur with dinosaurs (3), 
However, the Late Triassic (Camian and Norian) 
forms differ from their Middle Triassic relativ 
indicating a continued diversification of these 
‘groups. The age range of the HQ fossils and our 
assessment of other assemblages and their ages in 
North American museum collections imply that 
these dinosaurs and non-dinosaurian dinosauro- 
morphs coexisted for at feast 15 1 20 million 
Years. There are too few radiometric dates of Late 
Triassic localities to pemnit a more precise time 
calibration, but it is nonetheless clear that the 
Late Triassic faunal replacement was not abrupt. 
Rather, it was protracted and possibly diachro- 
nous, as evidenced by palcolstitudinal faunal 
differences across Late Triassic Pangaca. The 
appearance of the fist dinossiurs in the Ischigua- 
lato assemblage (J), along with the late occur 
Fences of basal dinosauromorphs from the HQ 
assemblage, extends the transition time from 
assemblages of dinosaur precursors 10 assem- 
bblages exclusively of dinosaurs and indicates that 
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models of rapid competitive or fortuitous replace 
‘ment are not correct. 
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Genetic Diversity in Honey 
Bee Colonies Enhances 
Productivity and Fitness 


Heather R. Mattila* and Thomas D. Seeley 


Honey bee queens mate with many males, creating numerous patrilines within colonies that are 
genetically distinct. The effects of genetic diversity on colony productivity and long-term fitness are 
unknown. We show that swarms from genetically diverse colonies (15 patrilines per colony) 
founded new colonies faster than swarms from genetically uniform colonies (1 patriline per 


Accumulated differences in foraging rates, food storage, and population growth led to 
boosts in the fitness (ie, drone production and winter survival) of genetically diverse 


colonies. These results further our understanding of the origins of polyandry in honey bees and its 


benefits for colony performance, 


ne of the central challenges for 
O understanding the evolution of soxiality 
in bees, ants, and wasps (Order Hy 
hoptera) is the phenomenon of polyandry, or 
muhiple mating with different makes by gusens 
((), Selection for polyandry is unexpected because 
it generates intracolonial genetic diversity, which 
‘erodes high levels of relatedness among female 
‘ollipring, thereby hindering the evolution of 
altruistic behavior toward kin. Nevertheless, 
polyandry occurs repeatedly in social insects (2) 
and 10 an extreme degree in every species of 
hhoney bee (actus Apis) (3), Several hypotheses 
have been proposed to explain how the benetits of 
4 genetically diverse work foree could outweigh 
the costs of reduced altruism resulting from low 
\within-colony relatedness (4). A popular hypoth~ 
cess suggests that genetically diverse work forces 
may operate more efficiently (5) and, consequent= 
ly, produce colonies with a fitness advantage over 
those with unitim gene pools. However, there is 
conflicting evidence that genetically diverse coko- 
hes perform tasks better as a collective than 
genetically uniform colonies do (6-10) and, 
furthemnore, enhanced productivity of the work 
fonve has never boen linked explicitly with colony 
level fitness gains 
‘A honey bee colony propagates its genes in 
two ways: by producing reproductive: males 
(drones) and by producing swarms, when a 
reproductive female (queen) ark! several thou- 
sand infertile females (workers) leave and 
establish a new nest. Swarming is costly and 
Perilous; with limited resources and labor, a 
swam must construct new comb, build a food 
reserve. and begin rearing workers to replace the 
aging work foree. In temperate ct 
founded colonies must operate efficiently be- 
cause there is limited time to acquire the 
resources to support these activites. Colony founnd- 
ing isso difficult that only 20% of swarms sur- 
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Vive their first year (11); most do not gather 
adequate food 1 fel the colony throughout the 
Winter and die of starvation. 

With the challenges of successful colony 
founding in mind, we conducted a. fong-tem 
study to compare the development of genetically 
diverse and genetically uniform colonies afler a 
warming event. Each genetically diverse colony 
(= 12) had a qucen that was instrumentally 
inseminated with sperm from a unique set of 
fifteen drones and cach genetically uniform 
colony (7 = 9) had a qucen inseminated with a 
similar volume of spem from a single drone. 
Drones were selected at random from a poo! of 
over 1000 individuals collected from 11 drone- 
source colonies. To replicate the experience of 
feral colonies, swans were created by forcing a 
queen and 1 kg of her worker offspring (-7700 
‘bees) 10 cluster in a screened cage for three days, 
Where they were fed sucrose solution ad libitum 
to simulate preswamning engongement on honey. 
Each swarm was subsequently relocated 10 a 
combless hive that was similar to that pr 
ferred by colonics naturally (/2). Colonies were 
founded on 11 June 2006, during the region’s 
swarming season (73). Once swarms were in 
their new nest sites, we documented colony de- 
velopment by measuring comb construction, 


brood rearing, foraging activity, food stor 
population siz, and weight gain at regula iner- 
vals (14), lntricolonial genetic diversity im- 
proves disease resistance (75), therefore colonics 
‘were medicated throughout the study so that we 
‘ould examine te effets of multiple patsilines on 
productivity and fitness with minimal interference 
fiom the effects of enhanced resistance to disease 
There were notable differences in the progress 
of genetically diverse and genetically uniform 
colonies during the early stages of colony found- 
ing. Colonies with genetically diverse worker 
populations built ~30%% more comb than colonies 
‘with genetically uniform populations before con- 
srwction leveled off alter 2 weeks (Fig. 1); 
repeated measures ANOVA; FU1,19)= 25.7, P 
0.0001 (colony typek, A119.342) = 1269, P< 
0.0001 ime); FUI9342) = 318, P< 0.0001 
(interaction) During the second week of colony 
founding. we compared foraging rates (number 
‘of workers retuming to hive per minute for all 
workers and for only those carrying pollen) be- 
‘tween different combinations of randomly pained 
colonies (one colony from cach teatment, n= $0 
pairs per day) throughout five consecutive 
momings, Genetically diverse colonies. main- 
tained foraging levels that were 27 to 78% higher 
than genetically unifonn colonies on three of five 
rmomings [(Fig. 2 paired tests with Bonferroni 
adjustment; 20 June: 449) = 4.1, P= 0.0001 and 
149) $.7, P< 0.0001; 21 June: (49) 3.2, P 
(0,002 ana (49) 5.5, P= 010001; 22 June: 149) 
5.2, P< 020001 and 1(49) = 5.8, P< 0.0001] 
Moreover, ater 2 weeks in their new nest site 
genctically diverse colonies stockpiled 36 more 
food than genetically uniform colonies [mean 
1390 © 120 versus 990 = 145 em? comb per 
colony filled with food: test: (19) = 2.1, 
0.045), This differenoe was not because some 
colonies lacked space (genetically diverse and 
uniform colonies had mean 61 1.19 and 66 
3.2% of comb empty, respectively); inte 
‘was likely a consequence of increased fo 
activity in genetically diverse colonies. The mag- 
nitude of these differences in growth during the 
initial 2 weeks afler colony founding is impres- 
sive, considering that work forces in penetical- 


Fig. 1. Area of comb 
(means + SEM) con 


structed by genetically 
€ diverse (m) and ge- 
9000, netically uniform (o) 
Hy colonies after occupy- 
3 ‘ing new nest sites on 
ates, nowy 4 11 June. Dates when 
groups differed signif- 
§ ‘icantly in comb area 
= 300. are indicated by a hor- 
‘zontal line (top). 
° 
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ly diverse and genetically uniform colonies 
were still similarly sized 1 month after 
founding (9 July comparison of worker pop- 
ulations: £ test; (19) = 1.6, P= 0.12) 

One month after “swarming,” there was an 
isolated and brief period when abundant forage 
became available (-9 10 21 July). At the start of 


this honey flow, genetically diverse colonies 
were already twice as heavy as genetically uni- 
form colonies [(Fig. 3 repeated measures 
ANOVA: Fil.19) = 399. P= 0.0001 (colony 
type): F186,1373) = 237.0, P = 0.0001 (time), 
F(82,1373) = 17.4, P< 0.0001 (interaction)), 
Throughout the flow, genetically diverse colo- 


Fig. 2. Foraging rates 50 
(means + SEM) of genet- 
ically diverse (1 
retuming workers; @: 
‘only workers. carrying 
pollen) and genetically 
uniform (©: all return- 
ing workers; O: only 
workers carrying pol- 
len) colonies. Asterisks 
mark days when daily 
foraging rates differed 
significantly between 
‘groups, 


6 


to hive per minute 
8 8 


‘Mean number of foragers retuming 


19June 


20June 21 June 22June 23 June 


Fig. 3. Weight means * 
SEM) of genetically di- 
‘verse (solid line) (n = 12) 
‘and genetically uniform 
(dashed ine) tn = 9) 
colonies after occupying 
new nest sites on 11 
June. Dates when groups 
differed significantly in 
‘weight ae indicated by a 
horionta tne (top). Each 
arrow marks the death of 


a colony. 


Fig. 4. Number 16 
(means #SEM) of work 
‘ers (solid lines) and 
drones (dashed tines) 
produced by genetical- 
ly diverse (workers: 
drones: @) and genet 
fcally uniform (workers: 
drones: O) colonies. 
A census of indivi 

uals in capped-pupae 
‘ells was made on each 
date; pupae counted at 
this time emerged as 
adults during the inter- 
val between that cen- 
sus and the next (14), 
Horizontal tines (work- 


‘Mean number of individuals produced 
(workers x1000, drones x100) 


ers single fine; drones: double line) mark periods when brood rearing differed significantly between 


‘groups. 
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nics gained an average of 0.3 = 0.05 ke/day per 
colony and increased their higher intial colony 
‘weight by 305%, whereas genetically uniform 
colonies gained only 0.09 = 0.01 kg/day per 
colony and increased their lower colony weight 
by only 163% before resources waned (Fig. 3; 
comparison of mean daily weight gain dari 
flow: paired rtest; (11 P= 0.0007), The 
influx of food sparked a resurgence in comb 
construction in genetically diverse colonies, how- 
ever, comb ava remained unchanged in geneti- 
cally uniform colonies (Fig. 1). 

Production of new workers in genetically 
diverse colonies surpassed that of genetically 
‘uniform colonies within the first month of 
ony development [(Fig. 4); repeated measures 
ANOVA; FUL,19) = 63.5, P< 0.0001 (colony 
type: FULI74) = 37.4, P< 0.0001 (time); 
FILL.I74) = 16.0, P< 0.0001 (interaction)} 
Brood raring by workers inereased continually 
in genetically diverse colonies until the end of 
‘August. whereas genetically uniform colonies 
produced consistently low numbers of workers 
‘over the same period (Fig. 4), Consequently, 
netically diverse colonies had far lager worker 
populations by the end of August [mean 26,700 
1830 versus $300 * 2400 individuals per colony; 
‘Hest: (17) = 7,1. P< 0.0001, These differences 
in post-founding development likely resulted 
fiom a combination of an enhanced capacity of 
multple-patritine colonies to construct nest me 
terials, to rear brood, and to acquire food (iven 
comparable worker populations) and the momen- 
‘um that this lent to the pace of colony growth, a 
‘race that single-patriline colonies were not able 
to match despite having similar opportunities 
alter a “swarming” event 

Colony size is closely tied to fitness; langer 
colonies produce more drones, have higher win- 
ter survival, and issue more swanns (6-18), 
Here, iniracolonial genetic diversity resulted in 
considerably. more populous and 
colonies, which in turn affected theit 
tically diverse colonies reared significantly 
drones than genetically uniform colonies 
‘brood rearing declined in September: mean 1910 
384 versus 240 = 109 drones per colony [Fig 4: 
‘est: 19) = 3.7, P= 0.002}, The larger, 8 
ically diverse colonies also collected and stored 
more food than genetically uniform colonies 
and all survived a late-Auugust cold period that 
starved and killed $0% of genetically uniform 
colonies (Fig. 3). The remaining genetically uni- 
form colonies exhausted their food reserve and 
dicd by mid-December, whereas 25% of genct- 
ically diverse colonies survived to May (Fig, 3) 

We have demonstrated that the productivity 
and fitness of honey bee colonies is enhanced by 
intracolonial genetic diversity. Our data contirm 
and extend trends toward increased growth 1e- 
ported in short-term studies of polyandrous col- 
‘nies with low (<6) numbers of patritines (6, 7). 
‘The benefits of a genetically diverse worker 
population are especially evident during colony 
founding when survival depends critically on 
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successflly accomplishing variety of pressing 
tasks. Given similar numbers of workers, envi- 
ronmental conditions, and need, newly founded 
colonies built comb faster, foraged more, and 
stored greater amounts of food when their work 
forces were comprised of many genetically dis- 
tinct patrilines, Initial differences in labor pro- 
ductivity amplified growth rates over time and 
led to dramatic fimess gains for genetically di- 
verse colonies (.¢., production of drones, colony 
growth, and survival). Thus, we expe 
selection fivoring polyandry because intracolo- 
nial yenetic diversity improves the productivity 
fof the work force and increases colony fitness 
uring the risky process of colony founding. 
Higher collective productivity of genctically 
diverse colonies may be rooted in a broader oF 
more sensitive response from worker poput- 
tions to changing conditions. The probability 
that a Worker will engage in a task has been 
linked repeatedly to genotype [eg. (5, 8, 19)) 
‘Consequently, colonies with multiple patrlines 
would be expected to have worker populations 
that are able to respond to a broad range of task~ 
specitic stimuli and, as a group, should be able 
to provide appropriate, incremental responses 10 
changes in these stimuli (5), The observation 
that intracolonial wenetic diversity improved pro- 
ductivity in colonies is consistent with predic: 
tions made by models of division of labor that 
rely on genotypic differences in response thresh 
‘olds among workers (20), Nevertheless, the ex 
tent to which genetically uniform colonies lagged 
behind genetically diverse colonies in the early 
stages of colony development was surprising, 
‘considering that colonies initially lacked combs 
and food reserves, andl presumably, stimuli re= 
fleeting these needs could not have been wreater 
Actual response thresholds of workers are not 
\well documented (20), an itis difficult w know 
hhow they are related to the productivity of indi- 
Viduals and the colony asa whole. For example, 
workers may vary genetically in the rate at which 
they perform a ask once thei response thresiokd 
is reached or they may not be “good! at tasks for 
‘hich they have high threshokls (i. they lack 
physiological apparatuses oF experience). / 
natively, thresholds may be so high for some 
tasks that behaviors are effectively missing from 
a Worker's repertoire, thus multiple patriines 
\Would contribute tothe diversity of labor in a col 
‘ony, rather than division of laboramong workers, 
A key advantage of intracolonial genetic 
diversity was revealed during infrequent periods 
‘when food resources were plentiful (~33 days 
during our study), Genetically diverse colonies 
‘gained weight at rates that far exceeded those of 
‘genetically uniform colonies (Fig. 3), whose shuz- 
ish foraging rates suggest that intracolonial 
‘genetic diversity enhances the discovery and ex- 
ploitation of food resources by work forces, 
«especially during periods when resources become 
suddenly and abundantly available. Intracolo- 
nial genetic diversity would result in more rapid 
mobilization of forager work forces if, by 
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‘broadening the range of response thresholds in 
colonies, it increased the probability of having 
sulficient workers functioning as foragers andor 
‘broadened the range of conditions over which 
foragers inspected, scouted, recruited to or were 
recruited reactivated to food resources. Selection 
for polyandry would be strong if the genetic 
diversity that it bestows on colonies enhances 
the sophisticated mechanisms of honey bees for 
recruiting nest mates to food. Because success- 
ful colony founding by honey bees depends so 
heavily on rallying foragers and the swift ac- 
‘cumulation of resources, this could explain, in 
concen with other benefits unrelated 1 worker 
productivity (/5, 2/), the widespread occurrence 
‘of extreme polyandry in all honey bee species, 


Colonies (Oxlord Univ. Press, Onford, 1996). 

2. Suassmann, Isectes Soc. 48, 1 2001) 

3. DR Tarp, D.L Misen, Ann. Eni. Soc. Am. 95, 
$13 (2002), 

4 RK Gori, €. Feringstad, Ann, Zool Fennic 38, 
267 (000. 

5, GE Robinin, RE Page Ie in Genetics of Sool 
Evoltion, M.D. Breed, RE. Page Jt, a. (Westen 
ress, Boulder, CO, 1989), pp, 61-80. 

6, BP. Oldoy, . E Rindere, JR. Harb, 5. M. Buco, 
‘an, Entomol Soc Am. 88, 335 (1992). 

7. 5. Fuchs, V. Shade, Apidoogie 25, 155 (1994). 

1 C Jones, MR. Ayerscugh, 5. Gaham, 8. P. Oldryd, 
Science 305, 402 (2008), 


9. RE Page, GE Robinson, MLK. Fond, ME. Nast, 
Behox. Ecol. Sociobiel 36, 387 (1995). 

10, P Meumann, RFA. Marit, lnectes Soc. 47, 272 
(2000). 

UL TD, Seeley, Oecologia 32, 109 (1978), 

2. 1D. Seeley, R.A. Morse, Insects Soc. 25, 323 (1978). 

1B. RD. Fell tol, J. Apic Res. 16, 170 (1977). 

16 Materials, methods and statistical analyses are avaiable 
‘on Scence Oni. 

1S. 1D. Seeley D. Tarp, Proc. . Soc: Lond. B. Biol Sc. 
274, 67 (2007). 

16, J.B Free, PLA, Racey, Entmol Bp. Appl 2, 241 
(496s), 

17, 1D Seley, PK. Vischer, Fl. Entamol. 10, 81 (1985). 

Entomol. 22, 187 (1987) 


20, S.M. Beshers, |. H.Femll, Anu. Re Entomol. 46, 413 
on), 

21. DLR Tay, RE Page Jt Behav. Feo. Soiobiol. 52, 
143 (2002), 

22, We tank K Burke for eld asitance,T, and 5, Glenn 
for rearing queens, ad P, Barca, M.Kihland, and two 
anonymous reviewers for comments on the manuscit. 
Funded by 2 Postdoctoral Fellowship (H.R fom 
Natural Sclences and Engineering Research Cound 
(Canada) and a grant trom the Nationa Research 
Intatve ofthe U.S, Department of Agriuture 
Cooperative State Research, Education, and Extension 
‘Service (05. (no. 2003'35302-13387), 


‘Supporting Online Materiat 
vo chncerag rgieontentfll317/5836/362/001 
Matenats and Methods 


10:1126/cience, 143086 


PDZ Domain Binding Selectivity Is 
Optimized Across the Mouse Proteome 


‘Michael A. Stiffler,’* Jiunn R. Chen,?* Viar 
John E. Allen,? 


Grantcharova,"+ Ying Lei,” Daniel Fuchs,” 
idmila A. Zaslavskaia,*t Gavin MacBeath?s 


POZ domains have long been thought to cluster into discrete functional classes defined by their 
peptide-binding preferences. We used protein microarrays and quantitative fluorescence polarization to 
characterize the binding selectivity of 157 mouse POZ domains with respect to 217 genome-encoded 
peptides. We then trained a multidomain selectivity model to predict POZ domain—peptide interactions 
across the mouse proteome with an accuracy that exceeds many large-scale, experimental investigations 
‘of protein-protein interactions. Contrary to the current paradigm, PDZ domains do not fall into discrete 
classes; instead, they are evenly distributed throughout selectivity space, which suggests that they have 
been optimized across the proteome to minimize cross-reactivity. We predict that focusing on families 
‘of interaction domains, which facilitates the integration of experimentation and modeting, will play an 
increasingly important role in future investigations of protein function. 


comprising both interaction and catalytic 

domains (1.2), One of the most frequently 
encountered interaction domains, the PDZ do- 
main, mediates protein-protein interactions by 
binding to the C termini of ts target proteins (3-6). 
Previous stuxlics of peptide-binding selectivity 
have placed PDZ domains into discrete function- 
al categories: Class 1 domains recognize the 
consensus sequence Ser/Thr-X-y-COOH, where 
X is any amino acid and y is hydrophobic; class 
Tl domains prefer y-X-y-COOH: and class I 


E= protcins are modular by nature 


domains prefer Asp/Glu-X-v-COOH (5. 7). 
More recent information has suggested that these 
designations are too restrictive and so additional 
classes have been proposed (8, 9). The idea that 
domains fall into discrete categories, however, 
raises questions about functional overlap: 
Domains within the same class are more likely 
to cross-react with each other's ligands. To 
resolve this isue, we characterized and modeled 
PDZ domain selectivity on a genome-wide scale. 

We began by cloning, expressing, and purify- 
ing most of the known PDZ domains encoded in 


wwwsciencemag.org 


the mouse genome (J0-12) (table $1). Soluble 
protein of the correct molecular weight was ob- 
tained for 157 PDZ. domains (fig. $1). Whereas 
previous efforts to characterize the selectivity of 
PDZ domains have relied on collections of pep- 
tides with randomized sequences (7, 9, 13, 14), 
ne-encedled se- 
ences, We therefore synthesized and purified 
Muorescently labeled peptides derived from the 
10 C-terminal residues of mouse proteins. In 
total, we synthesized 217 such peptides, which 
we termed our “taining set” (table $2) (5). 
Although our training set is not guaranteed to 
contain ligands for every PDZ domain, it per 
mitted us to obtain a broad view of binding 
selectivity 
To investigate biophysical interactions. be- 
tween the 157 well-behaved PDZ domains and 
each of the 217 fluorescent peptides, we devised 
strategy that combines the thre fpr 
microarrays and the fidelity of fluorescence po- 
larization (FP) with predictive modeling (F 
LA) Mictoamays of PDZ domains were prepared 
Within individual wells of microtiter plates and 
probed, in triplicate, with a | wM sol 
peptide (Fig, 1B) (76). Interactions with am 
Muorescence that was at Kast three times the 


‘median fluorescence on th were scored as 
‘array positives” (/7), This process yielded 1301 
putative interactions involving 127 PDZ do- 


‘mains, Little can be concluded about the 30 


domains for Which no array positives were found, 
For domains that bound at least one peptide, 

¥y to bind other peptides 
mation: These noninter 


however, the ina 
provides important int 
actions were se 

As with any high-throughput method, there 
are error rates associated with identifying, both 
positives and negatives. To eliminate array false 
positives, we retested and quantified every array 
positive with a solution-phase FP assay (Fig. 1C), 
Which served as our "gold standard (77). By 
asuring FP at 12 concentrations of PDZ do- 
n, we determined the dissoc mistant 
(K,) for cach of the 1301 array positives (table 
83), Interactions that showed saturation binding 
(IS) with @ Ky < 100 uM. were considered 


those that did not were considered 
On the basis of these criteria, 85 


PDZ domains bound at least one peptide in 
set, Altho 


h our Kg cutoff y 
tions had a Ky < SOM, 
interactions had a Ky < 20 uM ( 
FP assays revealed the false 


and ~60 
$2), In addi 
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negative rate ofthe protein microarray assay 10 be {Qug}. where Qpy is defined as the probability of 
6.6% U9. ‘observing amino acid g at position in the subset 
fom our data the rules that govem of peptides that bind to that domain (20), This 

-binding selectivity of PDZ domains, scoring approach is useful for predicting peptides 
We built a model that predicts the PDZ dom that bind to a single domain, but itis not ideally 
to which a peptide will bind, given its sequence. suited 10 our purpose for two reasons, First, our 
Peptide recognition is ofien modeled with a peptide sequences are derived from the 
position-specific scoring matrix (PSSM), © = and thus are not random, Second, our goal is 0 
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Fig. 1. (A) Strategy for constructing a multidomain selectivity model for mouse PDZ domains. Protein 
microarrays were used to test all possible interactions between 157 mouse PDZ domains and 217 
‘genome-encoded peptides. Array positives were retested and quantified by FP, thereby correcting array 
false positives. The resulting data were used to train a predictive model of PDZ domain selectivity. The 
‘model highlighted putative aray false negatives, which were tested by FP, and the corrected data were 
used to retrain the model. After three cycles of prediction, testing, and retraining, the refined model was 
used to predict PDZ domain-protein interactions across the mouse proteome. (B) Representative images 
‘of protein microarrays, probed with fluorescently labeled peptides. PDZ domains were spotted in 
quadruplicate in individual wells of 96-well microtiter plates. (Four wells were required to accommodate 
all ofthe domains) The red images (Cy5) show the location of the PDZ domain spots. The green images. 
show arrays probed with 2 promiscuous peptide derived from KvA.4 (left) and a selective peptide derived 
from ephrin B12 (right. (C) FP titration curves obtained for the array positives identified in (8). 
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eam how one domain differs from another, (ie. 
how selectivity is achieved). This information is 
ot captured ina traditional PSSM_ because 
peptide residues that contribute strongly 10 
binding affinity, such as the C-terminal residue, 
dominate the model, even if they are not impor 
tant in distinguishing one domain from another. 

To construct a single model that includes 
many PDZ domains, we developed a variation of | 
4 PSSM in which a peptide is predicted to bind to 
PDZ domain if 


w ay 


Epo > 8 
7 


where @ is a binding seore, 4 is an indicator of 
Peptide sequence, (A,,y = 1 ifthe amino acid at 
position) of the peptide is g and Apy = 0 
‘otherwise), and t isa scoring threshold, specific 
tocach domain, To ensure that our moat focuses 
‘gh PDZ domain selectivity, we constrained 
XO, p10 be 0 for every position p and every 
amino acid g. Thus, Ojp4 is pesitive if PDZ 
domain / prefers amino acid ¢ at position p more 
than the other PDZ domains, negative iit prefers 
it fess, and 0 iit has no bias relative to the other 
domains, To tailor the threshold appropriately for 
each domain, we defined ty 10 be the mth 
percentile of (ps for all of the peptides in our 
training set that bound to PDZ domain 
Empirically, we found that setting mr» $ provides 
4 good bilance between false-positive predic- 
tions and filse-negative predictions. Because this 
mode! is designed to highlight selectivity across 
many members of a domain family, we refer to it 
‘as a multidomain selectivity model (MDSM). 
‘Our mode! takes into account the five C- 
terminal residues ofthe peptide ligand: postions 
4,-3.2, -1,and 0. Even with 217 data points 
for each domain, there is insufficient information 
to train such a high-dimensional mod. To avoid 
Coverfitting, we implemented a smoothing tech- 
nique, Iftwo PDZ domains bind a similar subset 
Cf peptides it is reasonable to expect that their 
Op4's ave also similar, unkess the data suggest 
otherwise. Likewise, if two amino acids have 
similar physicochemical propertics, it is reason- 
able to expect that their @ip’s will be similar 
Smoothing requires a quantitative measure of 
pairwise distance. With PDZ doniains, distance 
jas defined as the Hamming distance of their 
ining vectors across the trining-set peptides. 
With amino acids, We relied on previously 
reported“ scales” to capture their physico- 
chemical properties, where = is considered a 
descriptor of hydrophilicity, = is a descriptor of 
molecular weight and surface area, and 25 is a 
descriptor of polarity and change (2/), We 
reduced the equivalent degrees of freedom in 
‘our model by smoothing over PDZ domains and 
‘over amino acids with a Gaussian kernel during 
regression (22). 
‘We were able to model 74 of the 85 PDZ 
domains, which suggests that the majority of 
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PDZ domains (87%) confor to the assumption 
that the contribution of cach peptide position to 
selective binding is additive. Having trained the 
MDSM, we used it to predict false negatives in 
‘our microarray data (Fig. 1A), Predicted array 
false negatives were assayed experimentally by 
‘quantitative FP, and the MDSM was retrained 
using the updated information. This cyck of 
‘prediction, experimentation, and retraining was 
performed throe times. In total, we tested 303 
Predicted array false negatives, of which 
(H%) were found w be positives, yielding a 

tative interaction matrix. for 
‘A and table $3). 
Overall, we found thatthe average binding affin- 
ity of the array false negatives was slightly lower 
than that ofthe array true positives. The distibu- 
tions of binding affinities, however, overlapped 
considerably (fig. 3), 

The refined model performs well on the 
updated data set, with a tue-positive rite of 
‘96% (it comvetly entifies SIS of 536 FP- 
‘confirmed positives) and a false-positive rate of 
19% (it predicts an interaction for 186 of 1229 
EP-confinned negatives) when m is set to 5 (Fig. 
2B), The parameters of the MDSM are depicted 
asa heat map in Fig, 2C and are provided in table 
S4, Asanticipated, position 0 does not contribute 
strongly to discriminative binding, but the four 
‘other positions contribute substantially (Fig. 2C), 

To extract biophysical modules out of the 
resulting interaction network, we designed a 
modified version of the Markov clisteralgorithm 
(23), tailored to the special situation of a bipartite 
network (22). The algorithm simulates a random 
\walk on the graph and is based on the observation 
that random walks tend to be confined within 
“tight clusters” of noes. The algorithm identifica 
four tight clusters of PDZ domains and their 
binding partners (Fig. 2D). For example, the 
claudins (tight junction proteins) chaster with 
20-1 and Z0-2, whereas the N-mnethyo-aspartic 
id (NMDA) receptor subunit isoforms 
NMDAR2A and NMDAR2B, as well as several 
voltage-gated potassium channels, cluster with 
PSD-9S, SAP-97, Magi-1, Magi-2, and Magi 

Encouraged by the close agreement of our 
model with the training-set data, we used the 
MDSM to predict to which proteins in the mouse 
‘proteome cach of the 74 PDZ domains are able to 
bind. In total, we surveyed 31.302 peptide se- 
quences corresponding to the C termini of all 
translated open reading frames (24). We have 
‘previously shown that our domain-based in vitro 
stratezy faithfully captures ~85% ofthe previous- 
ly reported interactions involving PDZ. domains 
(17), We therefore provide these predictions 
(18,149 PDZ domain-peptide interactions) as 
supplemental information (table SS) to help 
guide future biological investigations (25), We 
note, however, that not all interactions that are 
‘observed in vitro necessarily occur in vivo. 

To fimther assess the accuracy of our model, 
We selected a “test set” of 48 protcins from the 
mouse proteome that were predicted to be highly 


‘connected to PDZ. domains (table $6), We synthe- 
sized fluorescently labeled peptides comesponding 
totheirC termini and assayed them for binding to 
the 74 PDZ domains in our MDSM with the use 
of a single-point FP assay (26). These peptides 
‘were not included in the training set and so offer a 
Stringent test of our model, In total, 493 new 
interactions and 3059 noninteractions were iden 
tified. Our model predicted 48% (237) ofthe new 
interactions and 88% (2680) of the noninteraec~ 
tions when m was set to S (Fig, 2E), with a true- 
positive'false-positive (TP/FP) ratio of 0.63 
(237379), The TP/FP ratio of our model pre- 
dictions exceeds by a Factor of more than 20 the 

es 
information from two large-scale yeast two- 
hybrid experiments and two large-scale in vivo 
pulldown experiments in Saccharomyces cer= 
cvisiae, while maintaining the same tnie-positive 
rate (27), We attribute the accuracy of our MDSM 
to its focus on a related family of domains, rather 
than on a broad collection of proteins with dis- 
parate propertics, This argues strongly for a sys- 
tematic but segmented eflort to uncover protein- 
protein interactions by focusing on families of 
interaction modules. 

We also observed a positive coreation be= 
‘ween the mode! output (¢,) and binding allinity 
(ig. SS), We found that smoothing over both 
PDZ domains and amino acids substantially con- 
tributes to the accuracy of the model, boosting the 
‘TPP ratio by 4% over the model constructed 
without smoothing, while maintaining the true 
positive rate essentially the same (Fig, 2E), Most 
of the effect was derived from smoothing over 
PDZ domains, but smoothing over amino acids 
was also beneficial. To exclude the possi 
that the model performance was de t0 chance 
comelation, we perfonned a Frandomization test 
(28) in which the interaction data were shuied, 


‘The resuhing receiver operating characteristic 
indistinguishable from the no- 


(ROC) curve wa 
discrimination line (fig. $6), indicating the 
effectiveness of our training and test sets. 
Having established that the mod! accurately 
‘captures information about the binging selectivity 
of PDZ domains, we asked which physicochem- 
jcal properties each domain uses at each position 
todefine its selectivity. For example, if we look at 
the amino acid preferences of Digh3 (1/1) at 
position 4, we find that the 20 0's are positively 
conelated with 2 butare not eomelated wih 3 oF 
(Fig. 3), In contrast 
correlates with discriminative binding at position 
iz. 3B), whereas, but not 


‘esition for MUPPI (10/13) (Fig. 3C), These 
throe examples are extremes; in general, PDZ 
domains rely on all thee = scales for discrimina- 
tive binding. To capture this information for all 
PDZ domains at all positions, we constructed a 
comelation matrix between the model parameters 
and the first three = scales of amino acids (Fig. 
3D), Because the contribution to discriminative 
binding at position 0 is weak, we omitted this 
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14% (Fig. 3E), The first avis (Fig. 3F) 
ish canonical class I PDZ domains, 


‘our PDZ domain binding preferences can be largely 


position from our analysis to avoid biasin 
fects. exphi 
fined by these axes can be thought of as “PDZ 
rst two. 


results with artificially amplified by thre principal axes. The space 

To understand the organization of peptide- 
bindi Jobal level, we deconvo- domain selectivity space.” Each of the 
ue-value anes explains (of the variance in the ical class It domains, which are prefered by 


ition and found that the distribution of correlation 


h are preferred by peptides with a small, 


selectivity on a xdrophilic residue at position -2, from canon- 


luted the correlation matrix throw 


decompo 


atrix, whereas the third axis ex- peptides with a large, hydrophobic residue at posi 


A training set peptides Fig. 2. (A) Graphical view of the 


known ligands ligands derived from receptor families, % Nabeep set cata hy oh corte 
positives. are represented by colors, 


nom, ranging from high affinity (red) to low 

affinity (light blu), Aray negatives 

raged are shown in black, and FP-confirmed 

2 sal negatives are shown in dark blue 
: Numerical values ar provided in table 
8 10)04 3.) Performance ofthe MDSM on 
5 the taining set, with m set 05, Tue 
« <1 pM positives are shown in red, false 


Tl array nogative positives in green, true negatives in 
ee oa fs neatesin lon) 

HE FPectimes Corea epee of re MSH 
greets ace to ylon and 
fem Mack HM Boe, Numeral 
aus poied ne Sg 
ite abbas re ana 
mi true negative residues are as follows: A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; 

fa tase rapaive Mer Rigs Mae Hah fa 
Pro; Q, Gln; R, Arg; 5, Ser; T, Thr; V, 

rene aes Vat Wi Ts ond Tye) Th 
dtr, ede inte bute 

Sensis) mewery beeen a Te 

caus POL domain the 217 Bang set 
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2. Thus, the class 1 domains PSD-95 (1/3) 
and Shank3 (1/1) lic at the negative end of the 
first principal axis (Fig. 3G), whereas the class I 
domains PDZ-RGS3 (1/1) and Gripl (67) lie 3 
the positive end. Erbin (1/1), which has been 
shown to bind both class and class Il peptides 
(28-37), fies between the two extremes, The 
second and third principal axes (Fig. 3F) add 
further resolution. In panicular, the third axis 
distinguishes class III domains, such as neuronal 
nitric oxide synthase (nNOS) (1/1) (preferred by 
peptides with a negatively charged residue at 
position -2), fom the other PDZ domains. The 
closer a PDZ domain lies to the positive end of 


tion 


the third principal axis, the more it falls imo the 
class III designation, 

There are, however, two important diff 
‘ences between the standard view of PDZ, domain 
selectivity and the view that emenges from our 
broad investigation, First, positions 4, -3, 
and -1 all contribute substantially to the defini 
tion of our three principal aves (Fig. 3F). This 
implies that selectivity i derived from interac- 
tions throughout the binding pocket, whereas 
Peptide library sereens have shown that affinity is 
derived largely from the recognition of 
acids at positions ~2 and 0 (7) Sevond, and more 
importantly, PDZ domains do not fall into 


Magi-t (4/6) 


° 


discrete classes but instead lie on a continuum, 
Indeed, the canonical classes lic only in select 
portions of this continuum (ic. 
the first and third principal axes). Moreover, the 
PDZ domains reprsented in our model are 
evenly distributed throughout selectivity: space 
(Fig, 3G), Zarrinparet al. previously showed that 
the 23 Sre homology 3 domains in 8. cerevisiae 
are optimized to avoid cross-reactivity with the 
mitogenactivated protein kinase signaling. pro- 
tein Pho (32), Here, we find on a much broader 
scale that a similar principle 
mouse PDZ domains and their ligands. Although 
the selectivity of protein-protein interactions 


the extremes of 


Fig. 3. (Ato C) Correlations between 
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(A) 24 positively correlates with 044 
for Digh3 (1/1). (B) zz negatively cor 
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5 Fo three principal axes, used to define 
‘n-th principal axis 


4: MUPP1 (10/13). (D) Correlation 
matrix between the model parameters 
{or all 74 PDZ domains a positions —4, 
3, -2, and —1 and the first three 2 
scales of the amino acids. (E) Percent 
age of variance in the correlation 
tmatrix that is explained by the 12 
principal axes identified through 
singular-value decomposition. (F) 
Graphical representation of the first 


POZ domain selectivity space. (G) 
Distibution of the 74 PDZ domains in 
selectivity space, Selected PDZ domains 
are shown, representing class 1 
domains [PSD-95 (V3) and Shank3 
(V/V), class I domains (Grip (6/7) and 
PDZ-RGS3 (/2)], and class I domains 
MNOS (1/2), Erbin (1/2), which has 
been described as a dual-specificity 
domain, lies between the class 1 and 
lass I domains, (H) Correlation be- 
‘ween pairwise sequence divergence of 
PDZ domains and their pairwise 
~4 distances in selectivity space. Sequence 
divergence was obtained from pairwise 
alignments performed with Vector NTL 
version 8 (InforMax, Invitrogen Life 


r= 023 


Science Software, Frederick, Maryland), 
using the blosumézmt2. matrix. Pair- 
wise distances in selectivity space are 
Euctidean distances obtained from the 
three-dimensional plot in (@) 
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could, in a muhicellular organism, be controlled 
atthe evel of gene coexpression and protein colo- 
alization, our results indicate that the intrinsic 
selectivity of PDZ domains is tuned across the 
mouse proteome to minimize cross-reactivity. 

Finally, we observed only a weak correlation 
(correlation coefficient r= 0.23) between the 
pairwise sequence divergence of PDZ. domains 
and their distances in selectivity space (Fig. 311) 
Similarity at the overall sequence level is thus 3 
poor predictor of PDZ domain function. This low 
correlation suggests that most of the sequence 
Variation among PDZ domains is neutral with 
respect 10 peptide-binding selectivity and that 
‘only a subset of residues—presumably in the 
binding pocket of the PDZ domain —is respon 
sible for the distibution of PDZ domains in 
selectivity space. 
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Brain IRS2 Signaling Coordinates 
Life Span and Nutrient Homeostasis 


‘Akiko Taguchi, Lynn M. Wartschow, Morris F. White* 


Reduced insulin-like signaling extends the life span of Caenorhabditis elegans and Drosophila. 
Here, we show that, in mice, less insulin receptor substrate~2 (Irs2) signaling throughout the body 
‘or just in the brain extended life span up to 18%. At 22 months of age, brain-specific Is2 
knockout mice were overweight, hyperinsulinemic, and glucose intolerant: however, compared with 
control mice, they were more active and displayed greater glucose oxidation, and during meals 
they displayed stable superoxide dismutase-2 concentrations in the hypothalamus. Thus, less 
Irs2 signaling in aging brains can promote healthy metabolism, attenuate meal-induced 
‘oxidative stress, and extend the life span of overweight and insulin-resistant mice. 


caching old age in good health is not 
Rome is fate a 
vorable balance between hundreds of 
disease-causing and longevity-promoting enes; 
regandless, some common mechanisms that in- 
‘uence life span have emerged (/). Fist, calorie 
restriction reliably. increases animal longevity 
and second, reduced insulin-like signalin 
‘extends fife spain in Caenorhabditis elegans and 
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Drosophila melanogaster (2, 3). Caloric restic- 
tion and reduced insulin-like signaling might be 
linked because fasting reduces the intensity and 
duration of insulin secretion required for glucose 
homeostasis, and reduced insulin-like signaling 
[Promotes the expression of antioxidant enzymes 
that are associated with longevity (3-5). Adapting 
these principles to humans is challenging because 
calorie restriction is difficult and because reduced 


insulin-like signaling can be associated with smal 
stature, metabolic disease, and diabetes. 

Insulin and insulin-like wrowth fhetor-1 
AGEL) bind to receptors on the surtice of all 
cells that phosphorylate tyrosyl residues on the 
insulin receptor substrates (IRSs)~chico in 
Drosophila and test, 2.3. and in mammals 
‘This signaling cascade activates the phosphoino~ 
sitide-3-kinase (Pik3C) and the thymoma. viral 
proto-oncogene Akt, which regulates many 
cellular processes, inch 
forkhead box OL (FexO1) transcription factor 
(6). Reduced chico expression decreases brain 
and body growth while inereasing life span up to 
‘1M, which is related to the increased activity of 
4FOXO in Drosophila (7, 8). In mice, the 
deletion of Ist reduces body growth and causes 
hyperinsulinemia, whereas the deletion of Ir? 
Urs" mice) reduces brain growth and causes 
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fatal diabetes by 3 months of age because of 
pancreatic cell failure (9). By comparison, 
young (Q2-months-ol) rs2° mice display 
normal metabolic phenotypes (/0). Old (22! 
months-old) x2" mice were slightly heavier 
than wild-type (WT) mice, although young and 
old WT and x2" mice consumed the same 
amount of food each day (Fig. 1, A and B). In 
addition, old frs2"* mice were more insulin 
sensitive than oki WT mice (Fig. 1C) because 
their fasting insulin and glucose concentrations 
were lower (lig. S1, A and B), 

Because insulin sensitivity is associated with 
vity (3), we compared the lie spans of WT 
and drx2"" mice, Inypection of the results sus- 
gested that the date of bith (DOB), patemal (PID) 
‘and matemal (MID) identity, and sex influenced 
life span (table SI}; therefore, we used. semi- 
parametric (Cox) and! parametric regression to con 
trol the covariates and evaluate the effext of Inc 
(1), Cox repression revealed a 48-fold (P< 10%) 
rexluced risk of death for 2" mice compared 
with WTcontrols (Fig. 1D and table S3). By using 
Parametric analysis, we found that the median life 
span for fx2"” mice was 17% longer [for WT, 
median = 789 days and 95% confidence interval 
(C1 758 10 769; for fis?” , modian = 925 days 
and 95% C1 887 to 940; P= 0.01 (able SA), The 


maximum fife span, estimated at the 90th 
Percentile, increased similarly (for WT, 837 days 
and 95% C1 8D1 to $43; for fis2°”, 982 days and 


95% CL93S to 998) (Fig, 1D and table $4). 

Irs2 is expressed throughout the body (Fig 
2A) andl many regions of the brain, including the 
corebrum, the cerebellum, and the arcuate ant 
paraventricular nuclei of the hypothalamus (fig, 
$2) (/2, 13), Reduced insulin-like signaling in 
neurons inereases the life span of C elegans and 
Drosophila, so it is possible that reduced new- 
ronal ls2 could extend mouse fife yan (3/4, 13) 
To test this hypothesis, we deleted one (hirs2"~ ) 
‘or both (bibs? )loxP-flankea fr alleles (fh 
alleles) in the brain by intererossing flrs? mic 
\with nestin-cre transgenic mice (/3}. Polymerase 
cchain reaction (PCR) analysis confirmed that 
Jrs2 RNA was retained in all este tissues of the 
bles” mice except for the brain (Fig. 2A). 
‘Quantitative reverse transcription PCR (RT-PCR) 
confirmed that /rs2 RNA was reduced about SO% 
in birs2"* brains and more than 90% in blrs” 
brains compared with that of control flrs? mice 
(Fig. 2A), By contrast, rs2 RNA inereased in the 
pancreas of birs2"” and Alps?” mice, confirm 
ing that nestin-ere expression did not take plac 
in pancreatic f cells (Fig. 2A), 

Crosses between irs?” mice produced 
offpring at a. normal frequency, whereas crosses 
between lis?" and hlrs2” mice produced 
‘ewer offspring: offipring were never produced by 
crossing irs? mice (lig. SSA). OM make and 
female hs?” mice consumed the most food each 
day by comparison to the other mice (Fig. 2B) 
However, by 22 months the hlls2"* and hrs? 
rice were about 10 g heavier than controls, owing 
in part to increased adiposity (fig. $3, Band ©). The 
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blrs2"* mice were 10% longer and their brains 
were 30% smaller than those of flr? or birs2"* 
mice (fig. $3, D and E), These results support 
previous conclusions that brain In2 signaling 
[promotes embqonic brain growth, central nutrient 
homeostasis, melanocortin 4 receptor signaling 
(body length), and fertility (13, 16-19), 

Control flrs2 mice developed insulin resist 
ance between 2 and 2? months of age (Fig. 2C). 
Unlike olf x2" mice (Fig. 1), old irs?’ 
mice and young and old birs? 
sulin resistant (Fig 2C). All the insulin-resistant 
mice displayed mild glucose intolerance 
2D). However, diabetes did not develop in the: 
mice because insulin concentrations increased 10 
compensate for peripheral resistance, reaching 
the highest amount in old male blrs2"~ and 
‘irs mie (Fig. 2E). Consistert with the ob- 
served hyperinsulinemia, pancreatic islts were 
larger in old male blrs2"~ and irs? 
than in okt controls (Fig. 2F). 

Next, we compared the life spans of flrs2, 
blrs2"™, and birs2~ mice by using semipara- 
metric (Cox) and parametric regression to control 
for the covariates (table $2). Although Ars 
and firs displayed metabolic changes 
usually associated with a shorter life span, their 
risk of death determined by Cox regression was 


——, 
ino aM 


Food Intake (g/24hr) > 


wt Wrs2™ wt rs2" 


ee 
8 Frenremcs © 


wt ns2 wh Wrs2 


significantly reduced compared with that of con- 
twols (for hirs2"”, a 14-fold reduction, P< 10" 
for hirs?-”,a sixfold reduction, P< 10°*) (Fig, 
3A and table $3). With parametric regression, we 
found that the modian life spans for hirs2"~ and 
firs mie were 18% and 14% longer, re- 


spectively, than life spans for controls (for flrs2, 


+ median = 936 days and 95% C1923 to 
945; for lrs2”, median = 901 days and 95% CL 
888 10 919): the maximum life spans (0th perwent- 
ile) increased similarly (Fig. 3A and table $4), 

To determine whether brain Inx2 alles sys- 
{omic metabolism, we studiad young and old mic 
in a comprehensive lab animal monitoring sys- 
tem (CLAMS). Young contro (7x2) mice were 
sumed more oxygen than did 
young hirs2"” or hirs2”” mice (Fig. 3, Band C), 
‘Oxygen consumption by old fly? and his? 
mice declined to the same amount, whereas the 
‘bs2-~ mice consumed slightly less oxygen (Fig, 
3B), All the mice were less active at 22 months; 
however, the okt ffrs2"” and bil?” mic 
bout twice as active asthe old controls (F 

Next we determined the respiratory quotient 
(Ry= VCO Os, where Vis volume) to estimate 
the daily transition between fat (Ry » 0,7) and 
carbohydrate (Ry = 1) oxidation (19), The Ry for 


Fig. 1. Metabolism and life span 
‘of Irs2"”~ mice. (A) Food intake 
[average (9/24 hour) + SEM, 
6 mice} in male or female mice 
at 2 and 22 months of age. (B) 
Body weight [average (g) + SEM, 
n= 6] at 22% months, (C) 
HOMA2 (homeostatic model as- 
sessment) of insulin sensitivity 
(is) (average + SEM, n= 8, “P< 
(0.05), (D) Survival probability was 
determined by Cox regression for 
each WT(@) and frs2 *”~ (a, blue) 
mouse. Solid lines indicate the 
Cox survival probability of WT and 
trs2"~ mice controlled for other 
covariates (see table $3 for 
details), Hatched lines correspond 
to Kaplan-Meier (KM) estimates 
obtained by parametric regres- 
sion (see table $4 for details) 
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Fig. 2. Reduced neuronal Irs2 causes peripheral insulin resistance. (A) (Top) RT-PCR of Irs2 RNA in 
mouse tissues and (bottom) quantitative RT-PCR (normalized + SEM; n = 5; *P < 0.05) in brain and 
pancreas (rs2™~ indicates systemic 152” mice). (B) Food intake [average (g/24 hour) + SEM; 
6; *P < 0.05} at 2 months and 22 months of age. (C) HOMAZ of IS (average + SEM, m = 
0.05). (D) Average area (SEM; n = 6; *P < 0.05) under the blood glucose clearance curve. (E) 
Fasted insulin concentrations (2SEM, = 14 to 16; *P < 0.05). (F) (Left) Pancreas sections from 
22-month-old mice were immunostained with antibody against insulin (green) or glucagon (red), 
and (right) the amount of islet fell area (average + SEM, n = 6 sections; *P < 0.05). 
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Fig. 3. Life span and energy metabolism. (A) Observed survival probabilities — 
firs2 (@), birs2“~ (@, blue), and birs2~ (4, red)—calculated from the 
Cox regression. Solid lines show the indicated gene effects controlled for 
other covariates (table $3). Hatched lines are the corresponding KM 
estimates based on the parametric regression (table $4). (B) Median Oz 
consumption (solid horizontal line), 999% Cl (notch), and the lower and 
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all the young mice displayed the usual diurnal 
thythm, which approached the maximum value 
during the dark eyele (Fig. 3D). By contrast, old 
{rs2 mice lost the diumal chythm; the Rg was 
indistinguishable and dark cycles 
(Fig, 3D). However, the Ry for old hirs2"* and 
bird eased significantly during the 
dark cycle, reveal jouthful transition 
between fat and carbohydrate oxidation (Fig, 
3D). Indeed, healthy long-lived humans also 
display a higher Ry 
healthy middle 
Oxidative stress is associated with a reduced 
life span, and many enzymes protect cells from 
oxidative stress, especially superoxide dissmutase 
FoxO1 promotes the 

expression of Sod, so we investigated whether 
reduced neuronal [r2 might help maintain brain 
‘Sod concentrations during. feeding. Sod2 and 
FoxO1 protein was measured by immunoblotting 
hypothalamic lysates fom young and ok! mice 
before and 2 hours after feeding (Pig, 4), The 
‘Sox!2 concentrations were not changed by foe 
ing the young mice; however, Sod2 decreased 
least SOM in the old fed control mive (Fig, 4, A 
and B). By contrast, Sod2 was not reduced by 


feeding old Mirs2”” and birs?”~ mive (F 
and B), A similar pattem was observed. for 
FoxO! levels in young and old hypothalamic 


tissues (Fig. 4, A and C), Thus, hypothalamic 
Sox2 reveals nse to feeding 


fogether, our results show that reduced In2 
signaling in all tissues (les2") or just in the 
torain (hirs2"”) increases the life spans of mice 
‘maintained on a high-energy dict about $ months 
and about 4 months in hfrs2” mive (table S4) 
‘Some studies show that calorie restriction, reduced 
body size, and increased peripheral insulin 
sensitivity extend mammalian fife span (S, 22) 
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upper quartiles (n = 425 for each genotype, **P < 0.0001) by male mice in dark (shaded boxes) and fight cycles (open boxes). (C) Median voluntary 
movement (495% CI) for male mice measured during a S- interval in the dark cycle (n= 425 for each genotype, *P < 0.02, “P< 0.0001). (D) Average Rg 
(VCO,/V0,) determined during 48 hours from six male mice ofthe indicated age and genotype. Median R, determined in dark (DC, black bar) and light (LO) 
cycles (Kruskal-Wallis nonparametric test: *P < 0.0001; “P = 0.03). 
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Fig. 4. los of brains -—birs2——4 1 1 
stabilizes Sod2 in the mes Fame eo Fees rate 
postprandial brain. (A) ae — 


Hypothalamic lysates 
‘were prepared from pairs 
‘of male sibtings of the 


eee owe — 


indicated genotype be 


— ee em we we = om 


fore (Fasb or ater 2-hour 
feeding (Fd), resolved by 
SDS polyacrylamide gel 
electrophoresis, and 
‘immunoblotted with ant- 
bodies against Sod2 or 
FoxO1 (two independent 
‘experiments are shown). 
tubulin (shown for one 
experiment) was immu 
noblotted for all the 


SeauSn cannes 


= 
‘experiments to confirm = *" 


‘equivalent loading. Auto- 
radiographs were quanti- 


CA tad (I (07) 


(A weak A) 7) tea 


fied, and the ratio of intensities (Fed/Fast) for (B) Sod2 (n = 5) or (C) FoxO1 (n = 4) was calculated. Boxes show 
the median ratio (solid horizontal ine) and the lower and upper quartiles; the Kruskal-Wallis nonparametric 
test was used to compare the groups across all genotypes (*P < 0.05). 


However, our long-lived mice ae slightly larger 
and consume about the same or slightly more 
od than the short-lived controls. Indeed, Kony. 
lived systemic drs" mice are more msulin 
sensitive and glucose tolerant than WT mice; 
however, long-tived brain-specific his?" and 
blrs2”~ mice are insulin resistant, hyperinsuli- 
netic, and ghicose intolerant. The mechanism 
responsible for this disparity is unknown. 
Regardless, our results point to the brain as the 
site where reduced insulin-like signaling can 
have @ consistent effet to extend mammalian 
Hife span—as it does in C elegans and D, 
‘melanogaster 1, 3) 

‘As mammals age, compensatory hyperinsali- 
niemia usually develops to maintain glucose 
homeostasis and prevent the progression toward 
life-threatening type 2 diabetes (6% however, 


increased circulating insulin might have 
1 effects on the brain that can reduce life span 
21, 23), By directly attenuating brain Ino si 
ng, an aging brain can be shickded from the 
tive effects of hyperinsulinemia that ondinar- 
ily develop with overweight and advancing age. 
Consistent with this hypothesis, moderate daily 
exerise, calorie restriction, and weight loss 

Which reduce circulating insulin—miight increase 
Jife span by attenuating In signaling in the brain. 
Other strategies that improve peripheral inulin 
sensitivity, such as reduced growth hormone sig- 
naling, could have the same effect (5). Indacd, 
human centenarians display increased peripheral 
insulin sensitivity and reduced circulating insulin 
‘concentrations (23). Hence, we suggest that the Is 
Signaling cascade in the brain integrates the effects 
‘of peripheral nutrient homewstass with life span. 
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Patched1 Regulates Hedgehog 
Signaling at the Primary Cilium 


Rajat Rohatgi,"* Ljiljana Milenko. 


-.* Matthew P. Scott*t 


Primary cilia are essential for transduction of the Hedgehog (Hh) signal in mammals. We 
investigated the role of primary cilia in regulation of Patched: (Ptc1), the receptor for Sonic 
Hedgehog (Shh), Ptc1 localized to cilia and inhibited Smoothened (Smo) by preventing its 
accumulation within cilia. When Shh bound to Ptc1, Ptc1 left the cilia, leading to accumulation of 
‘Smo and activation of signaling. Thus, primary cilia sense Shh and transduce signals that play 
Critical roles in development, carcinogenesis, and stem cell function. 


he Hedgehog (Hh) signaling pathway 
| plays an important role both in embryonic 
development and in adult stem cell func- 


tion (J, 2), Dystegulation of the pathway causes 
bith defects and human eancer (2). Despite the 
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importance of Hh signaling in mammals, there 
are gaps in our understanding of early events in 

is pathway. In the absence of signal, the 
transmembrane protein Patched! (Ptcl) keeps 
the pathway tumed off by inhibiting the function 


ofa second transmembrane protein, Smoothened 
(Smo). The seereted protein Sonic Hedgehog 
(Shh) binds and inactivates Piel, allowing 


activation of Smo, Smo then triggers target gene 
transcription through the Gli family of tanscrip- 
tion factors. The mechanism by which Shh 
inhibits Ptel and Piel inhibits Smo is not 
‘understood in mammals, 

In Drosophila, Pic inhibits the movement of 
‘Smo to the plasma membrane. Binding of Hh 
‘causes the intemalization of Pte from the plasma 
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membrane to vesicks, allowing Smo to translo- 


cate to the plisma membrane and activate 


downstream 3,4). The discovery tha 


protein 
for Hh si 
localization has an important role in mammalian 
Hh signaling (3). Primary cilia 
projections found on most vertebrate cells tha 
Is (6), 


ponents of primary cilia are required 


ling suggested that subcellular 


cell surface 


function as sensory “antennae” for si 


Several components of the Ith pathway, includ. 
ing Smo and the Gli proteins, 


primary cilia, and Smo is enriched in cilia upon 
stimulation with Shh (7, 8), 

We examined the dynamic subcellular local 
ization of Pie] and Smo in mammalian cells with 
the use of novel antibodies to the two proteins (Fig. 
S1), These antibodies allowed detection of endo- 
genous Pte] and Smo in cultured mouse fibro. 
Dass (NIE 
fibroblasts (MEFs), two Hb-responsive cell types 
(9). Mh signaling was activated in NI 3T 
SAG (Shi 


3T3 cells) and mouse embryonic 


calls 


by treatment with ether Sh 


a small molecule that directly bis activates 


Smo (10). Because 


target of Hh 


is itelf a transcriptional 
ai 


a metric for pathway activation, 


an to rise by 4 hours ai 


increase until 24 hours a 
tion of Shh (Fig. 
with Shh or SAG, endogenous Sm 
y cilia (Fig. 1B). The mea 
lia began 


A), After stimulation of cells 


war afer stimulation of cells with 
fig. S2), This likely 


as carly as 
Shh or SAG (Fig. 1C a 


realizat 


pool, because the total amount of Smo pro 
did not increase at this time point (Fig. 1A). 
To determine whether Pte! regulates the 


alization of Smo, v sd Smo local 
in MEFs from 


cells showed constit 


mice (9), These 


Wh 


these cells even in the absence of Shh or SAG 
(Fig. |, D and E), Reintroduction of Pict into 
these cells by means of a retrovirus suppressed 
Hh-pathway activity (fig. $3) and prevented Smo 
1, D and E), 
Smo localization by Piel 


accumulation in primary cilia (Fig 


1 regulation 


Thus, 


aserved from flies to mammals, 
To understand how Ptcl may regulate entry 
‘of Smo into the cifium, we examined the local 
ization of Picl in MEFs and mouse embryos. 
Endogenous Piel was present in small amounts 
in MEFS, near the limit of detection by immuno- 
fluo re inereased the amounts 
of Piel protein by stimulating cells with SAG. 


Under these conditions, Pic! was highly enriched 


scence. We there 


in primary cilia (Fig, 2A), The ciliary localization 
of Piel 
First, Pic] fused to yellow fluorescent protein 
(Pic |-VFP) was found 


was confirmed in three additional ways, 


the base and in the 


shalt of cilia in unstimulated prc” cells infeed 
With a retrovirus encoding Ptol-YFP (Figs, 2B 
and fig. $12), Sccond, Ptcl-YFP overproduced 


Tuy 


Fig. 2. Rapid localization of Smo 
in primary cilia after activation of 
the Hh pathway and regulation by 
Ptc1. (A) Immunoblots with ant 
bodies to Ptcl, Smo, and actin 
were used to assess amounts of 
endogenous proteins in extracts 
from NIH 373 cells treated with 
Shh or SAG (100 ni). (B) Enrich- 
ment of Smo in primary cilia of 
NIH 313 cells left untreated (con- 
trol) or treated with Shh or SAG 
(200 nM) for 24 hours. (C) Mean 


intensity of Smo fluorescence in 
cilia of NIH 373 cells treated with 
Shh or SAG (100 nl Each point 
shows the mean + SEM of fluo- 
rescence from 10 to 20 cilia, (D 
and E) Constitutive presence of 
Smo in the cilia of unstimulated 
pic’ MEFs and reversal by 
retroviraly transduced Ptc1-YFP. 
{In (B) and (D), confocal images of 
the ciliary marker acetylated tu 
bulin (red) and Smo (green) were 
detected by immunofluorescence; 
nuclei (blue) were stained with 
4,6 -diamidino-2-phenylindole 
(DaPy) 


Time (Hours) 


ptet-/-:Ptct-YFP 


ptot+/+ 


Genotype of MEF 


373 


374 


in piel cells by transfection showed clear 


ciliary localization in both live and fixed cells 
(Fig. 3A and figs. S10 and $14). Third and most 


important, endogenous Ptcl was found in the 


cilia of mouse embryo mesoderm cells 
sive to Shh (Fig. 2D and figs, $4 and SS) (/). 


Pre} staining ‘embryonic 


day 9.5 (E9.S) embryos was detected in cell 


the ventral neural tube, notochord, 


regions where Hh signaling is known to be active 


and Shh target genes such as pre? are highly 
expressed (Fig. 2C and fig. S4B)(/), We focused 


on mesodemm cells because they are likely the 
cells that gave rise to the MEFs that we have 


asymmetric localization to a domain surroundin 
the base of the cifium and in particles along the 
shaft of the cilium (Fig. 2D and figs, S4C and 


in a particulate pattern along the shat 
cium is similar to that seen in cultured 
S12). In embryo 
cells, there was more variability in the amount 
Pic! inthe shat 


blasts (compare Fig, 2D andl f 


differences in the amount of Shh signal received 
by cells in the complex milicu_ of embryonic 
tissue. The concentration of Piel at the base of 


may inhibit Smo activation. Transport of proteins 
in and out of primary cilia is thought to be 
regulated at their base, and Pte! could fanction at 
this location to inhibit a protein-trallick 
critical for Smo activation (71), 

Shh could inactivate Pte] by binding to itat the 


cium can bind to Shh, we produced a fluores 
cersion of the N-tenninal signaling 
fragment of Shh (ShhN-AS94). Minute amounts 


of ShhN-AS94, one-hundredth of those required 


cently labeled 


cells transfected with Ptel-YEP and a marker for 
cilia, inversin fissed to cyan fluorescent protei 
(inyersin-CFP) (12). Live cells were used because 
the interaction betwoen Shh and Piel does not 
survive fixation, ShhN-AS94 concentrated at cilia 
containing Ptel-YFP and colocalized with puncta 
of Picl-YEP (Fig. 3A and fig. $7). Piel” cells 
expressing inversin-CFP alone did not bind ShhN- 
A504, and an excess of unlabeled ShhN prevented 
binding of ShhN-AS9 (tig. 7). 

We next asked why 
\with Pte} influences the localization of Pte, Pte] 


ther the interaction of St 


ment of cells 
with Shh 
B). This 


was concentrated at cilia after trea 
With SAG alone but not afer treatmen 
ora combination of Shh and SAG (F 


sted that Shh binding might tig 


removal of the Picl-Shh cov 


cilium, oF that new Piel produced in respor 


to Shh was not localized in the cilium. To dis 
tinguish th 


‘bilities, we induced the pro- 


duction of large amounts of Ptcl in the © 


NIH 373 cells with SAG treatment and then 


Pici DAPI 


Tubulin Tubulin DAPI 


Cilium Base Shaft Nucleus 


Fig. 2. Localization of Ptcl in primary cilia. (A) Concentration of endogenous Ptc1 in cilia of NIH 373 cells 
stimulated with 100 ni SAG. (B) Localization of PtcL-VFP in ptc1™~ MEFs infected with a retrovirus carrying an 
empty vector or the ptcl-VFP coding sequence. In (A) and (B), cia (red) and Ptcl (green) were visualized by 
immunofluorescence: nuclei (blue) were stained with DAPI. () Ptc1 staining in Shh-responsive cells of the 
rreural tube (nt), notochord (nd), floor plate (fp), and paraxial mesoderm (m). Cross sections of wild-type (top 
row) or control ptcl~ (bottom row) mouse embryos (E9.5) were imaged with a 40x objective. (D) Asymmetric, 
Ciliary localization of Pic1in paraxial mesoderm cells. The cell boxed in white fs magnified inthe bottom pane; 
arrows indicate Ptcl staining (ed) around the base and in the shaft of cia (green. 
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Inversin-CFP Pict-YFP Ptct-YFP: 


Fig. 3. Interactions between Shh and Ptcl at primary cilia. (A) 


Colocalization of Shh and Ptc1 at the cilium shown in a confocal image e ae 
of alive ptc1~" cell transfected with Ptc-¥FP (green) and incubated gal SUsteated 
with ShiN-AS94 (red, 300 ng/ml) for 45 min. Invessin-CFP (cyan) © | asks 

soansas 


marks the cilium, the dotted line demarcates the cell border, and 
insets show magnified views of the cilia, (B) Mean Ptc1 fluorescence in 
cilia of NIH 373 cells treated with SAG (100 nM), Shh, or both. (C) 
Disappearance of Ptc1 from primary cilia after Shh treatment. NIH 3T3 
cells preincubated with SAG for 24 hours were switched to control 
medium (untreated) or into Shh-containing medium. The red dashed 
baseline shows the amount of ciliary Ptcl in cells treated with Shh for 
4 hours without a 24-hour SAG pulse. 
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Fig. 4. Accumulation of Smo and Ptcl at cilia of NIH 3T3 cells exposed tothe primary cilium in NIH 3T3 cells treated with 200-hydronycholesteral 
20c-hydroxycholesterol. (A and C) Localization of cilia (red) and Smo or (D) Increase in Ptcl fluorescence in primary cilia after treatment with 
Pict (green) in cells treated with 10 \iM 20c-hydroxycholesterol or 7u-  20a-hydroxycholesterol. In (B) and (D), each point shows the mean 
hydroaycholesterol for 24 hours. (B) Time course of Smo accumulation at SEM of fluorescence from 10 to 20 cilia 
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switched the cells to control medium or medium 
‘containing Shh (Fig, 3C). Pel levels in the cium 
remained stable in the control, but Shh treatment 
caused a time-dependent disappearance of Ptcl 
from the primary cilium (Fig. 3C and fig. SS), 
The loss of Pel from cilia was not associated 
With a decwase in total Piel protein levels (fig 
S11) and thus implied movement of Pict from 
cilia to another location in the cell. This delo- 
«alization was only evident with the endogenous 
protein and not upon examination of transfected 
Ptcl-YFP, a farmore abundant protein (fi. S7B), 

We measured Pict and Smo localization 
(Figs, | and 3) in the same experiment, Because 
the localization changes for Pict and Smo de- 
seribed above were cach seen in >80% of the 
cilia visualized, the levels of Pcl and Smo in 
cilia were inversely comelated, The reciprocal 
time courses of Ptel disappearance and Smo ap- 
pearance at cilia after Shh addition (Figs. 1C and 
3C) support a moxel in which Shh tiggers the 
removal of Ptet from the cilium, allowing Smo 
to enter and aetivate signaling. Consistent with 
this idea, cells of the ventral neural tube and floor 
plate, which receive large amounts of Shh, 
showed high levels of Smo and low levels of 
Pret in cilia (Hig. S13). The movement of Pret 
and Smo at the cilium is analogous to the situa- 
tion in Drosophila, where pathway activation is 
associated with Smo movement to the plasma 
membrane and movement of Pte away (3), 

Pre! may regulate Smo localization through a 
small molecule (/4). Because Smo translocation 
to the primary cilium appears to be a critica step 
in its activation, a regulatory small mokeeule 
\Would be predicted! to control this step. Naturally 
‘occurring oxysterols are good candidates. for 


endogenous small molecules that regulate Smo 
function. Cellular sterol concentrations are im- 
portant determinants of a cell's responsiveness 10 
Shh, and oxysterols can activate Hh signaling 
(14-16). When we treated NIH 373 cells with 
activating concentrations of the oxysterol 20a- 
hydroxychoksterol, Smo rapidly translocated to 
the primary cilium with kinetics that were iden- 
cal 10 those scen in cells treated with SAG oF 
Shh (Fig. 4. A and B, and fig. $9). Treatment 
With 7B-hydroxycholesterol, an oxysterol that 
does not activate the Hh pathway, did not induce 
translocation of Smo, This result provides a spe- 
cific molecular mechanisin—Smo translocation 
to cilia—to explain how oxysterols regulate Hh 
signaling 

Cells treated with 200-hydroxycholesterol 
alo retained Pic! in cilia in a pattern similar to 
that seen in ces treated with SAG (Fig. 4.C and 
D). Thus, oxysterols appear to function not like 
‘Shh, by causing the removal of Pel from cilia, 
‘but at a more downstream step to make: Smo 
insensitive to the inhibitory effects of Pict. How- 
ever, oxysterols function differently from SAC 
«cause they likely do not directly bind to Smo (16). 

Our results suggest that Pret localization to 
primary cilia inhibits the Hh pathway by exclud- 
ing Smo and abso allows cilia 19 function as 
remosensors for the detection of extracellular 
Shh. Binding of Shh wo Pict at primary cilia is 
‘coupled to pathway activation by the reciprocal 
movement of Ptel out of the cilia and Smo into 
the cilia, a process that may be mediated by 
‘oxysterols. Elucidating the molecular machinery 
that controls Pte! and Smo trafficking at primary 
cilia will likely provide new targets for modula- 
tion of this important pathway, 


References and Notes 
1L PW. logham, AP. MeMtahon, Genes Dex 15, 3059 2000), 

2 B.A Beachy, 5, S.Kathadhar, DM. Berman, Notre 
482, 324 (2006). 

3. A} Zhu, L Zheng, K. Suyama, M.P. Scot, Genes Dex 
17, 1240 (2003), 

4 W Dent, 0, Heubuser,L Perez, 5. M. Cohen, Cell 102, 
521 (2000). 

‘5, D, Huongtu eto, Notre 426, 83 2003) 

6. Sing, JF Reiter, Science 343, 629 (2006). 

7. KC Cotte ot, Nature 437, 1018 (2005). 

1 C} Haycrat eto, PLoS Genet. 3, «53 (2005) 

4. Taigale eto, Notue 406, 1005 (2000, 

10. |. Chen, J Tipae, KE Young, TMi, P.A Beachy, 
‘Proc Nott Acod, So. USA. 99, 14071 (2002), 

11, L Rosenbaum, , 8. Witman, Not. Rev. Mo, Cl Bol 

3.813 002), 

1. Watanabe et ol, Development 130, 1725 (2003) 

J. Tipe, MLK. Cooper, Te Mati, PA. Beachy, Nature 

‘418, 892 2002). 

14, MK Cooper et ol, Not Genet, 33, $08 2003), 

1S. RB Corcoran, M.P Scot, Proc. Natl. Acod. Sc. USA. 
303, 8408 (2006). 

16, 1 R Dayer eto, Bik. Chem, 282, 8959 (2007) 

17, ALPS. san investigator ofthe Howard Hughes Medical 
Instead is supported by National Cancer Intute 
rant ROL CAOBEOEO. RR is 2 Robert Black Felon ofthe 
‘Damon Runyon Cancer Research Fund (ORG 103-06), We 
‘hank R Corcoran for dicusions of osteo effec, 
Beachy for smo cts and for sharing results before 
publication, |, Chen for SAG, 0. Brandman fr image 
analysis advice, J Hyman for microscopy advice, 
Johnson and K.Suyama for il antiserum 
1. Kamda fr iversinconstucs, , Ko fr the Pcl-¥FP 
construc, A. Sac fr the Shh labeling strategy, and 
Tellman, Ho, A. Kumar, and A. Balmain for 
comments. 


Supporting Online Materiat 
vw clencemag.og/Vcontenfull317/8836/372/001 
Materls and Methods 

Figs 51 to 14 

Aelerences 

9 Yanuary 2007; accepted 30 May 2007 

10.1126 «ience.139740 


Host Immune System Gene 
Targeting by a Viral miRNA 


Noam Stern-Ginossar,"* Naama Elefant,”* Albert Zimmermann,’ Dana G. Wolf,* Nivin Saleb,* 
‘Moshe Biton,* Elad Horwitz,” Zafnat Prokocimer,* Mark Prichard,” Gabriele Hahn,°t 
Debra Goldman-Wohl,’ Caryn Greenfield,” Simcha Yagel,’” Hartmut Hengel,? Yael Altuvia,*t 


Hanah Margalit,”*t Ofer Mandelboim™*+ 


Virally encoded microRNAs (miRNAs) have recently been discovered in herpesviruses. However, their 
biological rotes are mostly unknown. We developed an algorithm for the prediction of miRNA targets 
and applied it to human cytomegalovirus miRNAs, resulting in the identification of the major 
histocompatibility complex class I-related chain B (MtICB) gene as a top candidate target of hmv-miR- 
ULLI2, MICB is a stress-induced ligand of the natural killer (NK) cell activating receptor NKGZD and is 
critical for the NK cell killing of virus-infected cells and tumor cells. We show that hemy-miR-UL112 
specifically down-egulates MICB expression during viral infection, leading to decreased binding of 
NKG2D and reduced killing by NK cells. Our results reveal 2 miRNA-based immunoevasion mechanism 
that appears to be exploited by human cytomegalovirus. 


RNAs constitute a lange family of 
ME" honcaing RNA tht regubte 

gene expression posttranscriptionally, 
affecting mRNA degradation and translation 
by base-pairing with the 3° untranslated regions 
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(S'UTRs) (J). The recent discovery of virally 
encoded miRNAS, mostly in hempesviuses, in 
Uriguingly suggests that miRNAs may function in 
interspecies regulation involving viral miRNAs 
and host genes (2-4). Human cytomegalovirus 


(ICM) is known to have evolved effective im- 
mune evasion siratevies, encoding many’ immu 
nomodulatory proteins that _ manipulate the 
immune response (5, 6). tis thus conceivable 
that miRNAs encoded by HCMV (2) might be 
exploited during immune evasion, To tes this hy= 
pothesis, we sought to identify potential human 
targct genes of the HCMV miRNAs by using our 
newly developed target prediction algorithm, 
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RepTar (7). Briefly, RepTar has its basis in the 
‘observation that miRNA binding sites ean repeat 
several times inthe taget’s UTR (1). Ittherefore 
searches for repetitive elements in each UTR 
sequence and evaluates these elements as poter- 
tial miRNA binding sites, A complementary mod- 


additional single binding sites by using the 
information obtained by RepTar (7). This algo- 
thm, unlike most other algorithms (8), is in- 
dependent of cvolutionary conservation of the 
binging sites. Therefore, it is more suitable for 
predicting tansets of the less evolutionary con- 
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We applied RepTar and subsequently 
<RepTar to all human 3'UTRs, searching for 
potential binding sites ofthe 1 HCMV miRNAs 
listed in miRBase 7.0 (9). MICB, an immunor 
lated gene, was among the highest rankit 
predicted targets and the top prediction for 


ule of the algorithm, cRepTar, screens for served viral miRNAs (2), 
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Fig. 1. hemv-miR-ULL12 specifically down-regulates MICB expression and 
reduces NK cytotoxicity. For all panels, one representative experiment is shown 
‘out of atleast three performed. (A) The predicted duplex of homw-miR-ULLI2 
(ced) and its target site (blue) in the 3'UTR of MICB (top) and MICA (bottom). 
(B) Ectopic expression of hcm-miR-UL112 down-regulates MICB expression. 
Various human cell tines were transduced with lentiiruses expressing GFP 
either with hemv-miR-UL112 (black histogram) or miR-control (open gray 
histogram), Expression levels of MHC class|, ACA, and MICB were assessed by 
FACS. (©) Ectopic expression of homv-miR-USS-1 does not affect MICB 
‘expression. Human cell lines were transduced with lentiviruses expressing 
GFP and either hemv-miR-USS-1 (black histogram) or miR-control (open gray 
histogram), The expression levels of MICA and MICB were assessed by FACS. 
The histogram plots of (B) and (C) were gated only on the GFP-positive cells. 
Background levels fr (B) and (C) were measured by using only the secondary 
y5-conjugated Ab (gray solid histogram). (D) Reduced binding of NKG2D to 
cells expressing hemv-miR-ULL12. Binding of NKG2D-Ig to the RKO cells 
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hhem-miR-ULI12 (Fig. 1A), MICB is a stress 
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expressing miR-control hemw-miR-USS-1, or hemv-miR-ULI12 was assessed 
bby FACS using NKG2D-Ig and the control CD99-Ig (Control-1g) in various 
‘concentrations. (E) The reduced NKG2D-Ig binding is due to reduced MMICB 
‘expression. The expression level ofthe various NKG2D ligands was assessed by 
FACS in RKO cells expressing hem-miR-UL112 (open red histogram), miR- 
control (open gray histogram), or hcm-miR-USS-1 (open black histogram). 
The histogram plots are gated only on the GFP-positive cells. The background 
was measured as in (B) and (C) (olid gray histogram). (F) Reduced Killing of 
RKO cells expressing hemv-miR-UL112. Bulk NK cells were preincubated 
either with anti-NKG2D mAb (white) or with isotype-match control mAb (gray). 
Labeled RKO cells expressing mif-control or hemv-miR-ULL12 were then 
‘added and incubated for 5 hours at the indicated effectortarget (ET) ratios. 
The differences between the Killing of the RKO cells expressing miR-control 
‘and those expressing hemv-miR-ULL12 in the presence of the isotype- 
matched control mAb were significant (P < 0.01, t test) Error bars represent 
standard deviation of replicates. 
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induced ligand of NKG2D, a natural killer (NK) 
activating receptor expressed on almost all hu- 
man NK cells and activated eytotoxic T Iympho- 
eytes (CTLs) (J0), The importance of MICB in 
the immune resporise against HCMY infection is 
substantiated by the specific down-regulation of 
MICB surface expression via the ULI6 protein 
of HCMV (1, 12), MICA, another stress-in- 
duced ligand of NKG2D, was also ranked among 
the top predicted targets of hemy-miR-ULL12 
ig. 1A), The hemy-miR-ULI12 putative 
binding sites of both genes are almost identical 
and are located within a highly similar but not 
evolutionarily conserved (7) 150-nuckeotide (nt) 
region of their YUTRs, 

‘To assess the fianetion of hemy-miR-ULI12, 
wwe expressed this miRNA. in various human 
tumor cell lines that endogenously express 
MICA and MICB with the use of recombinant 
Tentiviral vectors; hemy-miR-ULLI2 and two 
control vectors,  nommiRNA sequctice (miR- 
control) and hemy-miR-USS-1, The expression 
‘of hemy-tniR-ULII2 was confirmed by quanta 
tive real-time polymerase chain reaction (qPCR) 
(lig, S1), The vectors contained green fluorescent 
(GEP) for monitoring the infection 
ieney (7). No difference in the transduction 
jency of the different lentiviral vectors was 
measured (ig. S2). Analysis ofthe various tumor 
cells transduced with hemy-miR-ULI 12 revealed 
41 specific and extensive reduction of MICB and 
Title o no reduction of MICA (Fig. 1B). The 
down-regulation was specific to MICB and to 
hhemy-miR-UL12, because no change in the ev= 
1 of major histocompatibiity complex (MHC) 
class 1 wats observed (Fig. 1B) and transduction 
With hemysmiR-USS-1 hal no effet (Fig. 1C), 

‘To study whether the observed changes in 
MICB protein levels affected its interaction with 
NK cell activating receptor NKG2D, we stained 
RKO cells expressing either miR-contro, henv- 
miR-USS-1, or hemy-miR-ULI2 with NKG2D 
fised to immunoglobulin GI (UxGI), as previ- 
‘ously described (/7). Fluorescence-activated cell 
sorting (FACS) analysis revealed a measurable 
decrease in NKG2D- staining of cells express- 
ing hemy-miR-ULI12 compared with those ex- 
pressing hemy-miR-USS-1 or miR-control (Fig. 
1D). The reduction in NKG2D binding was 
specifically duc to the reduced levels of MICB, 
because the expression of other NKG2D lis: 
ands was not affected by hemy-miR-ULI2 
(Fig. 1), 

‘The functional implication of the hemy-miR- 
ULII2- mediated reduction in NKG2D binding 
\was demonstrated by measuring NK lysis of 
RKO cells expressing hemy-miR-ULI12 o¢ miR- 
control, Cells expressing hemv-miR-ULII2 were 
killed less efficiently than cells expressing miR- 
control (Fig. 1F). When NKG2D interactions 
‘were blocked with a monoclonal antibody (mAb) 
against NKG2D (anti-NKG2D), killing levels of 
‘both cells were similar (Fig. 1F), indicating that 
this reduced killing was explicitly due to reduced 
NKG2D recoxnition, 
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Direct binding of hemv-miR-ULI12 to the 
3UTR of MICA and MICB was studied 
luciferase reporter assays in HeLa cells ectopi- 
cally expressing either hemy-miR-ULI12 of 
miR-control. In agreement with the staining 1e- 
sults (Fig. 1B), a measurable decrease in the 
activity of the luciferase reponer gene was ob- 
served only when it was fused to the UTR of 
MICB and only in cells expressing hemv-miR- 
ULI12 (Fig. 2A). To demonstrate that the down- 
regulation of MICB by bem-miR-ULI2 is 
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Fig. 2. hemw-miR-UL112 specifically binds to MICB-3UTR 
and inhibits its translation. For all panels, one representa- 
tive experiment is shown out of two performed. (A) hem- 
miR-UL112-mediated repression of luciferase reporter 
‘gene activity, The 3°UTR of MICA (303 nt) and a 350-nt 
segment of the 3° UTR of MICB (including the predicted 


mediated through the predicted binding site, we 
generated two double substitution mutations, 
disrupting the prodicted pairing between hemy- 
miR-ULI12 and the UTR of MICB (Fig. 2B). 
‘Both mutations abolished the repression mediated 
by hemy-miR-ULI12 (Fig, 2A). The binding site 
inthe UTR of MICB has one additional putative 
pelted nucleotide in comparison to MICA (Figs 
1A and 2B). To test whether the difference 
observed between MICA and MICB was due to 
the change inthis single nucleotide, we yenerated 
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hhamv-mif-UL112 binding site) were inserted downstream 
of a firefly luciferase open reading frame. The figure o 


demonstrates luciferase activity after the indicated 


miP.control mP-UL112 


reporter plasmids were transfected into HeLa cells expressing either homv-miR-UL112 (gray) or miR- 
control (white). Firefly luciferase activity was normalized to Renilla luciferase activity and then 
normalized to the average activity of the control reporter. Values are mean + SD for triplicate samples. 
“Statistically significant difference between cells expressing miR-control and those expressing hemv- 
miR-ULLI2 (P < 0.005 by t test. (B) Schematic representation of the mutations made in MICB and 
MICA 3'UTRS (blue) and their base-pairings with homv-miR-ULI12 (red). Mutated positions are 
undertined. (© qPCR analysis of MICB. Experiments were performed with RKO cells expressing either 
mif-control or hemy-miR-UL112. The levels of 185 ribosomal RNA were used as internal standard 
control. Values are mean +SD for triplicate samples. 
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4 point substitution that changed the MICA 
binding site to that of MICB (MICA 10 B, Fig. 
2B), This mutation indeed caused a reduction in 
luciferase activity but not as substantial as that 
With the UTR of MICB, supporting previous 
suggestions that additional factors are involved in 
the determination ofa functional binding site(/3). 
To determine whether hemy-miR-ULLI2 re- 
duced MICB expression by influencing. its 
MRNA degradation, we tested MICB mRNA 
Aevels in RKO cells expressing either miR- 
‘or hemy-miR-UL112 by using qPCR. No signif= 
change in MICB mRNA level was observa 
yggesting that the down-regulation off 


‘We next explored the function of hanv-miR- 
ULII2 during authentic HCMY infection with use 
‘of awikltype HCMV-ADI69 strain anxta HOMV= 
ADIG9 mutant (1. In this mutant the ULL 
gene is deleted, and therefore the hemy-miR- 
ULII2 gene that resides on the complementary 
strand is also absent. HICMV-AD169 laboratory 
strain is adapted to infect primary fibroblasts and 
4 limited number of cell lines. Expression of 
MICB protein was not observed in several pri- 
mary fibroblasts and cell lines, before or after 
infection (fig. $3), We used this to our benefitand 
‘expressed MICB with its UTR (MICB-3'UTR) 


(oF MICB without its SUTR (MICB) in primary 
human foreskin fibroblasts (HFF) cells. Ectopic 
expression of hemy-miR-ULII2 in these cells 
resulted in down-regulation of only MICB-3" 
UTR protein (fig. $4, indicating that these cells 
adequate for testing the effect of viral hemy- 
miR-ULI12 on MICB expression. 

We used the HFF cells expressing cither 
MICB-3UTR or MICB and infected them with 
the ADL69-wild-type or with the ADI69- 
mutated virus, The protcin expressed by MICB- 
3'UTR was almost completely down-regulated 
‘on day 3 after infection in the ADI69-wild-ype 
infected cells but notin the cells infected with the 
AD169-mutated virus (Fig. 3A). This is consist- 
cent with the accumulation of hemy-miR-ULI2 
3 days aller infection (fig. SS) (15). In contrast, 
MICB down-regulation in the absence of the 
3'UTR (which was mediated by the ULI6 
protein) was similar in cells infected with the 
ADIG9wikd-type and mutated viruses (Fig, 
3A), The effect of hemy-miR-ULI2 on MICB- 
3'UTR expression was specific, bocause the level 
of MHC class I [known to be down-regulated by 
the virus during infection (16)] was similarly 
reduced by both vintses (Fig. 3B). 

To segregate the miRNA posttranscriptional 
regulation of MICB fiom the posttranslational 
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regulation mediated by HCMV ULI6 protein, 
(72) we examined the effect of hemy-miR- 
ULII2 in HFF cells expressing either GFP, 
GEP fused to the UTR of MICB, or GFP fused 
to the 3'UTR of MICA. Consistent with the ob- 
served MICB-3'UTR down-regulation (Fig, 3A) 
and the qPCR results (fig. SS), the most substan- 
tial reduction in GFP expression was observed on 
day 3, only when the eells were infected with the 
ADIG9-wild-type virus and only in those ex- 
pressing the GFP fused to UTR of MICB (Fi 

}. No changes in the GFP levels were observed 
in cells carrying GEP alone or GFP fused to the 
3UTR of MICA (Fig. 3 and fig, $5), 

To firnher demonstrate the biological rele- 
‘vance of heniv-miR-ULII2 and to exclude the 
possibility that the deletion of the ULI14 protei 
encoding gene aflected MICB down-tegulatio 
‘we constructed two new mutated viruses in the 
HICMY TB40 strain (/7):2 control virus in which 
ULI is mutated but hemy-miR-ULI12 is intact 
(7B40-UL114P-mut) and a mutated ULI virus 
in which hemw-miR-UL112 was deleted (TB40- 
miR-ULI2-mut), The HCMV TEHO strain is 
similar to clinical strains and infects endothelial 
cells, one of the natural targets of HCMY in vivo 
(77), Infection of human umbilical vein endothe- 
lial cells (HUVECS) that endogenously express 
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Fig. 3. hemv- 
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-ULL12-mediated down-regulation of MICB during 
authentic viral infection. (A and B) Time course expression of MICB (A) and 
[MHC clas | (B) on HFF cells expressing either MICB-3'UTR or only MCB. Cells 
were infected with either the AD169-wild-type virus (AD169-WT) or the 
‘AD169-miR-UL112 mutant virus (AD169-miR-ULL12-mut). The expression 
levels of MICB (A) and MHC class | (B) were assessed by FACS staining (red 
histograms). The gray histograms represent staining of the corresponding 
uninfected cells. Background levels (black histogram) are the secondary 
fluorescein isothiocyanate (FTO-conjugated Abs. (C) HFF cells expressing GFP 
‘or GFP fused to the 3'UTR of MICB were infected with either AD169-wild-type 


‘or wth AD169-miR-UL112-mut viruses, and the levels of GFP expression were 
‘measured along the course of infection. The symbols represent the percentage 
cof GFP compared to the corresponding uninfected cells. For (A) to (C), one 
representative experiment is shown out of three performed. (D) HUVECS were 
infected with either TB40 UL114-mutant virus (TB40-UL114P mut) or with the 
TB40 hemv-miR-UL112 mutant virus (TB40-miR-UL112 mut), and the 
‘expression of IMICB was measured (red histograms). The gray histograms 
represent the staining of the corresponding uninfected cells. Background 
levels (black histogram) are the secondary FITC-conjugated Abs, Shown fs one 
representative experiment out of two performed. 
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MICB with the TB40-ULI14P-mut resulted in 
aan almost complete down-regulation of MICB. 
‘expression after 3 days, whereas MICB expres- 
sion was still evident in cells infected with the 
‘TB40-miR-ULI2-mut virus (Fig. 3D). The lev- 
el of MHC class I was not reduced during viral 
infection, because the TB4O viruses we used lack 
the viral US2-US6 genes that mediate MHC class 
1 down-regulation (7). This result suggests that, 
uring clinical viral infection, endogenous MICB 
is down-regulated by hemy-miR-ULI 2. 

We next performed killing assays in parallel 
\with the staining presented in Fig. 3, A, B, and D, 
‘On day 3 of the infection, the cells expressing 
MICB-¥UTR and infected with the ADI69- 


mutant virus were killed more efficiently than 
those infected with the ADI69-wikd-ype virus 
(Fig. 4. A and B), Similarly, HUVECs infected 
with the TB40-miR-ULI2-mut virus were 
killed more efficiently than those infected with 
the TB40-ULI14P-mut virus (Fig. 4C). Addition 
‘ofanti-NKG2D mAb abofished those differences, 
(Fig 4, B and C), The killing levels of the 
infected HUVECS were low, even at higher 
cfigctortarget ratios, probably because of the 
high levels of MHC class I molecules, which in- 
hibit NK cytotoxicity. Thus, during authentic 
Viral infection, hem-miR-ULL12 down-regulates 
MICB, perturbing its binding with NKG2D and 
consequently aiding in NK attack evasion. 
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Fig. 4. hemv-miR-UL112-mediated down-regulation of MICB during viral infection reduces NK cells 
‘gtotoricity. Experiments were performed concomitantly with the FACS staining presented in Fig. 3. 
Error bars represent standard deviation of three replicates. Shown is one representative experiment out 
‘of two performed. (A) HFF cells expressing ether MICB-3'UTR or MICB were infected with either ADI69- 
WT (black) or with AD169-miR-UL112-mut viruses (gray) and incubated with bulk NK cells at the 


indicated effector-target (E:T) ratios. (B and C) Bulk 


NK cells were preincubated with either anti-NKG2D 


‘or with an isotype-match control mAb. In (B), HFF cells expressing either MICB-3'UTR or MICE that were 
infected for 3 days either with ADI69-wild-type (white) or with ADL69-miR-ULI12-mut (gray) were 


then added at a final effector:target ratio of 20:1. 


In (OQ, HUVECS that were infected for 3 days either 


‘with TB40-UL114P mutant (white) or with TB40-miR-UL112 mutant (gray) were then added at a final 


effectorctarget ratio of 15:1. 
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The discovery of viral miRNAs has mised the 
intriguing possibility of their involvement in im 
‘mune evasion (4), The first direct evidence for an 
miRNA-related immunocvasion mechanism was 
discovered in the SV40 virus, where a viral 
miRNA targets a viral gene, resulting in CTL 
evasion (/8), Our results demonstrate @ novel 
miRNA-based evasion strategy used by HCMV, 
in which a Viral miRNA directly down-regulates 
hast immune defense gene. HICMV is known to 
rely on several functionally redundant immuno- 
evasive proteins that can cooperatively tanget the 
sume process of even the sume immune protein 
of the host (6). Our results expand this view, 
demonstrating a cooperative mechanism between 
viral miRNA (homy-miR-ULI2) and a viral 
protein [HCMV ULI6 (/2)}, both targeting the 
host MICB protein. Down-egulation of host 
genes by interactions of their mRNAs with viral 
mIRNAS has been also supported by recent 
findings in herpes simplex virus-1 (19), The 
advantages of a viral miRNA-based evasion 
mechanism are multiple. First, these molecules 
are small, nonimmunogenic, and specific (4), S 
‘ond, fom an evolutionary perspective it should be 
simpler to develop a regulatory antisense mol 
cule rather than a regulatory protein, Lastly, the 
combination of protcin-mediated and miRNA- 
‘mediated posttranseriptional regulation provides & 
tighter evasion strategy, which is more resistant to 
the host defense mechanisms because Wo im- 
munomodulatory elements need to be impaired, 
‘The therapeutic implications of such a mechanism 
are intriguing, because targeting these viral 
miRNAs might constitute an antiviral therapy 
‘while mimicking thei role could provide a means 
of immunosuppressive therapy. 
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Mosaic Organization of Neural Stem 
Cells in the Adult Brain 


Florian T, Merkle, Zaman Mirzadeh, Arturo Alvarez-Buylla* 


The in vivo potential of neural stem cells in the postnatal mouse brain is not known, but 
because they produce many different types of neurons, they must be either very versatile or very 
diverse, By specifically targeting stem cells and following their progeny in vivo, we showed that 
postnatal stem cels in different regions produce different types of neurons, even when 
heterotopically grafted or grown in culture. This suggests that rather than being plastic and 
homogeneous, neural stem cells are a restricted and diverse population of progenitors. 


crerated by astrocyte-tike stem cells re- 
siding in the subventricular zone (SVZ), & 
thin but extensive layer of eels lining the lateral 
wall of the lateral ventricle in the adult mouse 
brain (1), These newly bom neurons. (neuro 
blasts) mignite to the olfactory bull in a complex 
network 8 that eventually menge to form 
the rostral migratory stream (RMS), On reaching 
the olfactory bulb, neuroblasts integrate and ma- 
ture into several distinet cell types (2) It is not 
known how this diversity of neurons is. gen= 
crated, langely because it is difficult to study 
individual stem cells in vivo, Indeed, our un- 
derstanding of stem cells is strongly influenced 
by the in vitro techniques with which they were 
first isolated and later defined by their ability to 
be passaged (demonstrating self-renewal) and 
differentiated into astrocytes, neurons, and ofigo- 
dendrocytes (demonstrating multipotency) (3,4. 
“These results led to the widely hekt assumption 
that neural stem cells are a homogeneous 
population of multipotent, plastic progenitors 
(Fig. 1A), Similarly, it was thought that newro- 
blasts born in the SVZ might be equivalent until 
they reach the olfactory bulb and begin to dif 
forentiate. However, recent evidence suggests 
that neuroblasts are heterogeneous before reach- 
ing. the olfactory bulb (5. 6). We therefore hy 
pothesized that stem cells are not equivalent and 
that they specify the fate of the neurons they 
produce (Fig. 1B). To test this hypothesis, we 
labeled stem cells in different regions and fol 
owed their progeny in vivo. 
We have previously shown that adult neural 
stem cells are derived from radial glia present in 


E= day, thousands of new neurons are 


Department of Neurosurgery and Developmental and Stem 
ell Biology Program, Univesity of Califia, San Francisca, 
San Franco, Ch 94143-0525, USA. 

“To whom correspondence should be addressed. Emait 
abujla@stemcaLuest edu 


www.sciencemag.org 


the neonatal (PO) mouse brain (7). Radial lia, 
Which are now recognized as the principal sten 
cell of the embryonic and carly postnatal mouse 
brain (8, 9, have a unique morphology that 
allows them to be targeted specifically, Their cell 
bodies line the ventricles and they send a long, 
radial process to the brain surface. Adenoviruses 
readily infect these processes and are transported 
to the cell body. When an adenovirus expressing 
Cre recombinase (Ad:Cre) is injected into green 
fluorescent protein (GEP) reporter (Z/EG) mi 
(10), infected radial glia and their progeny 
‘become permanently labeled with GFP. (7). 
Because adenoviruses do not diffuse readily in 
the brain, the localized injection of a small vo 
ume (20 nl) of Ad:Cre labels a spatially restricted 
patch of neural stem cells 

To label radial glia in a regionally specific 
manner, we developed a method! 10 stercotaxi- 
cally inject A&Cre in PO mice (Fig. 1E) (1). 
Injections resulted in the reproducible labeling of 
spatially segregated patches of radial wlia Fig. 1. 
€ and D) and the adult SVZ stem cells the 
generate (Fig. 1. F and G). In contrast, ce 
labeled locally at the injection site do not give rise 
to olfactory bull neurons or neural stem cells (7). 
By systematically varying the injection location 
(Fig. IHD, we targeted 1S different populations 
radial glial cells at six different rostrocaudal 
levels (110 vi) (12), We targeted the dorsal (D) 
‘or ventral (V) lateral wall ofthe lateral ventricle at 
four different rostrocaudal levels (i to v) and the 
centre dorsoventral extent of the lateral wall at 
level vi, We also targeted the RMS (i), the medial 
(septal) wall (iM), and the cortical wall of the 
lateral ventricle (iC to vC) because these regions 
Ihave been suggested to contain neural progeni- 
tors (1, 4, 12, 13). When we analyzed the brains 
lof mice 4 weeks affer Ad:Cre injection, we ob- 
served a patch of labeled cells in the same 
anatomical location as the targeted radial glial 
cell bodies, indicating that neural stem cells do 


not disperse tangentially fig, SI). Figure 1, F and 
G, show examples of SVZ labeling afler neonatal 
targeting of dorsal and ventral SVZ. radial glia, 
respectively, 

We then examined the mature GFP-abeled 
neurons in the olfactory bulb, The two principal 
types of adul-bom olfactory neurons, periglomer- 
ular cells and granule cells are intemeurons that 
modulate the activity of neurons that project to 
olfactory cortex. Perighomenular cells ean be sub- 
divided into three nonoverlapping populations of 
cells: calretnin-(CalR +) and calbindin-expressing 
(CalB cells and tyrosine hydroxy lase-expressing 
(THe) dopaminergic cells (14), Granule 
include deep, superficial, and CalR+ cells (Fig, 
2A) (15, 16), These subtypes are thought to be 
distinct functional elements of the olfactory bully 
cirwuitry (14, 15, 17) 

Olfactory bully intemeurons were produced 
from all labeled regions including reqions i, iM, 
and iC to VC, which extend beyond the lateral 
wall of the lateral ventricle, the accepted bound- 
ary of the neurogenic adult SVZ, Notably, 
region gave rise to only a very specific subse 
interneuron subtypes. Anterior and dorsal regions 
produced periglomerular eclls (Fig. 2B and fi. 
$2. A to D), Interestingly the highest percentage 
\was proxluced in region iiM (Fig, 2B and fig. S2, 
A and B), Periglomenular cell subtypes were also 
produced in a region-specific manner, Dorsal 
regions (iiC 10 VC) produced the highest 
perwentage of TH cells (Fig. 2C and fig. S3, 
10 C), whereas Call cells were produced main- 
Ay ventrally, in regions iV and iiiV (Fig. 2D and 
fig. S3, D to F). Cal periglomenular cells were 
Jess frequently observed when these regions were 
targeted, but were frequently labeled with 
targeting of regions i and iiM (Fig. 2E and fig. 
$3. G to 1), Fach tangeted region produced gran- 
ule cells (Fig. 2F), though region iM produced 
relatively few (Fig, 2B and fig. S2, A and B). 
Dorsal regions (iC to vC, iD, iD) tended to 
produce superficial granule cells, whereas ventral 
regions (iV to VV) produced mostly deep granule 
cells (Fig. 2F and fig. S2, E and 1). Cals 
granule cells were produced mostly from the 
anterior regions (i and iM) that also produced 
many Cal periglomenslar cells (Fig. 2G and 
fig. $3, J 10 L). This is consistent with a recent 
study showing that CalR* olfactory bull neurons 
are derived fiom SPS* cells, which are found 
‘embryonically in regions i and iiM (18), 

Each neonatally targeted region continued to 
produce neuroblasts in the adult brain, suzgesting 
‘the continued presence of a neural stem cel (ig. 
'S2, B.D, F, and H). Neonatal mdial glia convert 
into SVZ astrocytes that express glial fibillary 


SCIENCE VOL 317 20 JULY 2007 


381 


382 


| REPORTS 


acidic protein (GFAP) and fumetion as the adult 
neural stem cells (J, 7, 19). To test whether adult 
neural stem cells were also regionally specified, 
we constructed an adenovirus that expresses Cre 
under the control of the murine GFAP promoter 
(AGGFAP-Cre), This virus induces recombina- 
tion in GFAP-expressing cells including adult 
neural stem cells, but not the more differentiated 
cells they give rise to (fig. S4, A to ©) (11). We 
injected POO Z/EG mice with Ad:GFAP-Cre in 
rogions i, liD, iV, and VC (fig. S4, D to G) and 
led the animals 28 days later to examine the 
‘olfactory bulb cell types produced. Each tangcted 
jon produced olfactory bull neurons. and 
is (Fig. 3, A to D), suggesting that they 
long-lived GFAP neurogenic progeni- 
finding agrees with previous. work 
suggesting the presence ofa neurogenic progen- 
itor in the adult RMS (5, 20, 22) and subeallosal 
zone (regions ivC and VC) (/2). Funhemore, 
these labeted cells produced superticial anxl deep 
granule cells (Fig. 3, A to E), as well as TH 
‘CalB sand CalR+ cells (Fig. 3F) in virally the 
‘same region-specific pattern obtained from 
‘A recent study sugwests that 
the potential of progenitors to produce different 
types of periglomerular cells changes over 
development (22), This study might have inad- 
vertently examined progenitors and tangentially 
migrating neuroblasts from different regions. at 
different ages, whereas our technique targets only 
primary progenitors. The apparent maintenance 
‘of stem cell potential over postnatal development 
suggests that the factors specifying neural 
progenitors in the SVZ. are maintained through= 
‘out development in a regionally 
‘These factors could be either environmental 
‘or intrinsic to stem cells. To distinguish between 
these two possibilities, we challenged neonatal 
stem cells by heterotopic transplantation (17). IF 
environmental factors specify the fate of newbom 
neurons, grafled (donor) stem cells and their 
progeny should respond to these factors and 
make cell types produced in the host region. To 
obiain labeled neural stem cells, neonatal radial 
lia were infected with Ad:Cre as described 
above, microxfissccted aller 2 hours, dissociated 
toa single-cell suspension, and homotopically or 
heterotopically grafted into the littermates of 
donor animals (fig. SSA), We then analyzed the 
‘olfactory bull cell types proxtuced 40 days alter 
grafting and found that labeled radial glia 
‘continued to produce the cell types appropriate 
to their region of origin (fig. SS, B and C). To 
detemnine if progenitors woukd maintain their 
regionspecitic potential in the absence of any 
environmental cues, we cultured anterior, dorsal 
‘oF ventral progenitors under adherent conditions 
that recapitulate postnatal SVZ_ neurogenesi 
(23). Cultures. were expanded. differentiated 
(lig SSD), and immunostained for cell type 
specific markers (fig. S6), Despite being removed 
from their complex environment and exposed to 
a cocktail of growth factors, neural stem cells 
ined their region-specific potential (Hig. 
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SSE). We confirmed this result by targeting 
dorsal or ventral radial glia, culturing them for 2 
weeks, and grafiing them heterotopically into 
wild-type neonatal mice (fig. SSF). Again, 
grafted cells produced cell types appropriate to 
{their region of origin, not their graed location 
(lig, SSG). 

The above experiments suggest that neural 
stem cells are not readily respecified by envi- 
ronmental factors present in the postnatal brain, 
‘but we cannot eliminate the possibility that 
unlabeled cells grafted alongside labeled stem 
cells could be camying factors fiom the donor 
environment into the host graft site, Therefore, 
we microdissected progenitors from different 
regions of neonatal wikltype oF ActB-GFP mice 


(24) and cultured them for three passazes over 2 
‘weeks, To ensure that grafied cells were sur 
rounded by foreign environmental cues, We 
mixed GFP* cells from the donor region with a 
10:1 excess of unlabeled wild-type cells from the 
host region before grafting them into wild-type 
noonstal mice (Fig. 4A). Four weeks later, 
brains contained labeled astrocyte-tike cells at 
the graft site (fig. S7, A, C, E,and 


and H), Because grafted 

produce neuroblasts as cllicientl 
targeted primary progenitors (lig. SX), grafled 
cells were most likely stem cells and not 
intermediate progenitors. Again, heterotopically 
rafied stem cells produced neuronal subtypes 


Fig. 1. Specific regional targeting of neural stem cells. (A and B) In the traditional model of SVZ stem cell 
Potential (A), equivalent stem cells (black dots) generate multiple neuron types, which are produced by a 
diverse stem cell population in the proposed model (B). (C and D) Diagram of a neonatal mouse brain 
showing targeting of dorsal (C) or ventral (O) radial glia (green) with virus deposited at the injection site 
‘and along the needle tract (gray circle and bar). (E) Stereotaxic setup showing an acrylic model of a 
neonatal pup positioned in a customized head mold for viral injection parallel to radial glial processes. (F 
‘and G) Photomicrograph of a P28 ZIEG brain injected at PO to target dorsal (F) or ventral (G) radial ali, 
visualized with immunoperoxidase staining for GFP. (H) Diagram of brain regions targeted. Represent- 
ative frontal sections of the right hemisphere traced from the adult brain are shown relative to a 
photomicrograph of an adult lateral ventricular wall whole mount outlined in blue (30). Targeted regions, 
indicated by green dots, are named for their anterior-posterior level (ito vi) followed by the location 
within that level, where C is cortical, M is medial, D is dorsal, and V is ventral. 
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Fig. 2. Regional production 
oe pesaseel Bi PGC production c ‘TH+ PGC production 
neuron subtypes. (A) Color- 3° Ft 
‘coded camera lucida traces ie ge 
‘of analyaed interneuron sub> eal cf 
types superimposed oer 2 g= ts 
oe a son * Teenie eameeM] *Phaclolclolvclelfeoly 
eee ee . aa! ie lelele ll 
plexiform layer; GC granule PGC production E Cale PGC production 
cal GL, glomerdar layer; 2 so qc 
GRL, granule cell layer; ». © 
PGC, periglomeruiar cell » as 
(B) Percentage of labeled gw in 
(crs) olfactory bulb new 8° 8° 
tes fat are peer co, * Ieolv) ly ea] ilo] al eal 
cals, All anaheis was per Wa lelwl st Wee tele le Ml 
formed 28 days after stem “wcaiRePGC mTHePGC  wCaGepcc -F G 
Cal labeing, and targeted © camecc SueriealGC @Oepac | we cacti acal 
regions are named asin Fig. ge A 
1H. (C to B) Percentage of labeled periglomerular cls immunopostve for TH(Q, Clb = 82 

oF Cal (EF) Postion of labeled granule cls within the GRL Cell dstibutos that & = 
ould not be definitively cased as superficial (green) or deep (hue) are indicated in = §° 
teal. 6) Percentage of labeled granule cells immunopostive for CalR. Error bars represent ° a 
the SD ofthe mean exept in (where they represent the SEM. 


Fig. 3. The potential of neural stem cells is 
maintained in the adult. (A to D) Photomicro- 
‘graphs of olfactory bulbs of Z/EG mice injected 
with Ad:GFAP-Cre 28 days earlier at P60 in region i 
(A, iid (8), iv (C), or VC (D), with cels visualized 
by immunoperoxidase staining for GFP. The 
distribution of granule cell within the granule cell 
layer (GRU and the continued presence of neuro- 
blasts in the olfactory bulb core (arrowheads) are 
indicated. (E and F) Quantification of labeled 
‘granule cell position in the GRU (E) and TH+ (red), 
CalB+ (purple), and CalR+ (gold) cell production 
(F) 28 days after racial glial (PO) or adult (P60) 
stem cell targeting. 


\ith the same regional specificity observed by in 
Vivo lineage tracing (Fig. 4, B 10 E). The lack of 
‘evidence for even partial respeeification indicates 
‘that grafted cells behaved like a single population 
that Wats resistant to respecification. However, we 
cannot discard the possibility that some envi- 
ronmental fictors were not totally eliminated in 
‘our experiments. Neural stem cell potential could 
also be altered by factors not included in our 
‘culture conditions or afier extended periods of 
time ex vivo. Previous studies have suggested 
that adult hippocampal or spinal cord progenitors 
might be respecified when heterotopically grafted 
(25, 26). Our findings suggest that although SVZ 
neural stem cells retain the potential to produce 
astrocytes, oligodendrocytes, and neurons, they 
are restricted in the types of neurons they can 
‘generate, We conclude that postnatal neural stem 
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cells are diverse and are organized in an intricate 
‘mosiic in the postnatal germinal zone. 

These findings suggest that, as during em- 
‘bryonic brain development (27-29), the poten- 
tial of postnatal neural stem cells is determined 
bby a spatial code, supporting the mode! shown 
in Fig. 1B. Stem cells do not appear to migrate 
jure from radial glia into 
y cells and must have 
integrated positional information at some point 
in development. We suggest that this positional 
information becomes encoded in the progeni- 
tors, perhaps by expression of a transcription 
factor code. and maintained into adulthood. This 
insight is a key step toward understanding the 
molecular mechanisms of neural stem cell 
‘potential and for future efforts to use these cells 
for brain repair. The mosaic distribution of 
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progenitors also raises the possibility that the 
activity of stem cells is regionally modulated in 
onder to regulate the production of different 
types of neurons. This may provide a mecha 
nism for the brain to dynamically fine tune the 
olfactory bull circuitry, 


References and Notes 

1L F-Doetsch, | Calle, O. A. im, }. M. Garca-Verdugo, 
1 Riarer Bul, Cel 97, 703 (1999), 

2. FM. Gage, cence 287, 1633 (2000) 

BLA Reylds 5. Weis, Science 255, 1707 (1992), 

‘CM, Mrshead et a, Neuron 13, 1071 (1994). 

5 MLA Hack el, Mat. Neurosci. (205). 

{6 ML ohn, N. Osim, JL. Rubenstein, A. Abarer Bula, 
I Neatosc. 25,6997 (2005). 

7. FT Mere, A.D. Tramontin, J ML. Garcia Verdugo, 
‘A Rarer Bulla, Proc. tl. Acod. Sci, USA 103, 
17528 (2008). 

8 S.C Nadoret a, . Newrosi 22, 3161 2002), 


383 


| REPORTS 


cultured, grafted 
= GFP+ cells 
asia 0 
[= ' 
“ 
: 
c PGC type production 
from cultured, 
wo _Btalted GFP+ cells 
8. 2. 
is 
3B ie 
D PGC production from E CalR+ cell production 
cultured, grafted from cultured, grafted 
GFP+ cells GFP+ cell 
L os 
~ 5 ~. 
337 lJ ra 
: 
§ iT ge 


AWA ADP POP PIA 


Fig. 4. Neural stem cell potential cell-intinsic. (A) Neonatal SVZ progenitors from GFP-+ and wild-type 
mice are cultured for multiple passages, mixed 1:10, and grafted into the SVZ ofa wild-type PO host. (B 
‘and ©) Quantification of granule cell distribution in the granule cel layer (B) and of TH+ (red) or CalB+ 
(purple) periglomerular cel production (C) by GFP+ cells from dorsal or ventral regions grafted hetero- or 
homotopicaly. (D and E) Quantification of periglomerular cell production (D) or CalR+ periglomerular 
(orange) and granule cel (gold) production (E) by GFP+ cells from anterior or posterior regions grafted 
hetero- or homotopically. 


ADA AwP PP PwA 


11. Materials and methods ae avaiable at supporting 


9. T.E. Anthony, € Klein, G. Fishel, N. Heit, Meuron 42, 
81 (2008), 

10, A Novak, C Guo, W. Yang. A. Nagy, CG. Lobe, Genesis 
28, 147 (2000) 


‘material on Science One 
1. M Ser et ob, eve. Cortex U6 (ppl. 1, i203 
(2006) 


1B, RE Vemua, J E Goldman, J, Newosci 27, 4297 
(coor). 
14. K Hosaka ef ol, Newosc. Rex, 23, 73 (1995) 


1S. LL Price, TP. 5. Poel, J. Cl Sc. 7, 125 
(970), 

16, 0M eobowit, L Winky, J. Comp. Neurol 304, 198 
a9. 


17. GM Shepherd, CA. Greer, in The Saptic: 
Organicrion of the Brin, G. M. Shepherd, 8, (Oxford 
‘Univ. Press, New York, 1998) 

1B. KR Wacaw eto, Neuron 49, 503 (2006) 

19. T mura, H. 1 Kornblum, MV. Salone, J. Neuro 
23, 2824 (2003), 

20, A Got eto, Neurosci. 22, 437 (2002). 

21. W. Fukushima, K. Yolouchi,K Kawagish,T. Mizu, 
‘Neuro. Res 44, 467 (2002, 

22, S. De Marchis eto, J Newest. 27, 657 (2007), 

23. & Schetler et a, Proc. Natl. Acad. Sci USA. 102, 
9353 (2005) 

24, AX. Hadjntonais, M. Gertsensten, M hana, 

ML Okabe, A Magy, Mech. Dev. 76, 79 (1998), 

25. 0. Shonen, D.A Peterson J. Ray, FM. Gage, Noture 
383, 624 (1990), 

26. LS. Shihabudiin, PJ, Homer, 1 Ray, FH. Gage, 

1 Newrosd, 20, 8727 (2000). 

27. JL R Rubenstein, P, A, Beachy, Corr. Opin, Neurobiol, 
818 (1998), 

26. K Campbell, Cur. Opin. Neurobiol. 23, 50 
00), 

29. F Gullemat, Cut. Opin, Cel Blok. 17, 639 
2008), 

30. F Doric, A. Avarer Bula, roc. Not, Acad. Sc. USA 
‘3, 14095 (1996), 

31. We thank C Los or upping Ade vis and C Yaschine 
ard R Romero fr asitance with cll cubure and tnwve 
‘srocesing, Tis work was supped by grants Hom the NIM 
nd by fellatio the RSF for FM. 


‘Supporting Online Materiat 
wom ciencemag orgleVcontentfll 1449247001 
Materials and Methods 

Figs 511058 

Aelrences 


10 May 2007: acested 19 June 2007 
Published online 6 Jty 2007; 

10:1126/cience. 1144914 

Inde tis infomation when cing this paper, 


Queen Pheromone Blocks Aversive 
Learning in Young Worker Bees 


Vanina Vergoz, Haley A. Schreurs, Alison R. Mercer* 


Queen mandibular pheromone (QMP) has profound effects on dopamine signaling in the brain of 


young worker honey bees. 
learning, we examined QMP's 


5 dopamine in insects has been strongly implicated in aversive 
impact on associative olfactory learning in bees. We found that OMP 


blocks aversive learning in young workers, but leaves appetitive learning intact. We postulate that 


QMP's effects on aversive Learning enhance the likelihood that young workers remain 


close 


contact with their queen by preventing them from forming an aversion to their mother's 
pheromone bouquet. The results provide an interesting twist to a story of success and survival. 


advertise her presence in the colony 
| nd 10 exert influence over its members, 


a honey bee queen produces a complex 
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‘blend of substances known as queen mandibular 
‘pheromone (QMP)(/). Young workers, attracted 
1 the qucen by QMP are enticed not only 10 feed 
her, but also to fick and to antennate her body. As 
they do so, they gather samples of QMP. which 
they distribute to other members of the colony 
(2, 3). At the colony evel, QMP inhibits the 
rearing of new quoens (4), influences comb- 


building activities (5), helps prevent the devel 
‘opment of worker ovaries (6) and modulates the 
bbohavioral development of workers (7.8) 

We recently showed that brain dopamine 
levels, levels of dopamine receplor gene expres 
sion, and brain tissue responses to this amine are 
altered significantly in young workers exposed to 
QMP (9). Among its many functions, dopamine 
contributes to cellular events underlying learning 
and memory. In insects, dopamine signaling is 
‘essential for aversion leaming (0-12), which 
raises an interesting question: Does QMP. through 
its actions on brain dopamine function in young 
‘workers, alter their ability 1 establish aversive 
olfactory memories? 

We examined QMP's impact on associative 
olfactory learning in bees exposed to QMP from 
the time of adult emengence. Bees of the same 
age maintained under identical conditions. but 
\without exposure to QMP were used as controls 
To begin, we examined QMP's effects on aver- 
sive Jeaming in young (6-day-old) bees. A dif 
ferential conditioning paradigm was used to train 
bees to extend their sting to an odorant paired 
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\with an aversive stimulus (mild electric shock) 
and not to respond to a nonreinforced odorant 
(12, 13), Over successive conditioning trials, the 
percentage of control (untreated) bees responding 
With sting extension to the reinforeed odorant 
(CS) increased significantly (Fig. 1A, i), where- 
as the percentage of bees exhibiting sting ex- 
tension in response to the nonreinforced odorant 
(CS-) dectined [Fig. 1A, i, and supporting online 
material (SOM) text]. Comparison of the 1e- 
sponse curves shows that bees in the control 
‘group clearly differentiate between the two 
‘odorants (Fig. 1A, i), Ina retention test per 
formed | hour afer the last conditioning trial, the 
boes responded significantly more to CS * than to 
CS- (Fig, 1A, ii), which demonstrated that an 
aversive memory was established. In contrast, 
bees exposed! to QMP failed to show aversive 
Teaming, There was no significant change in re= 
sponsiveness to the reinforced odorant over 
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successive conditioning trials (SOM text) and 
no difference between the response curves ob- 
tained for the two odorants (Fig. 1B. i). There 
\wasalso no significant diflerence in QMP-treated 
bees between the levels of responses to the two 
‘odorants | hour afler the last conditioning trial 
(Fig. 1B. i. 

How selective are these effects? In Drosoph- 
ila, synaptic ouput from dopamine neurons is 
important for aversive Icaming, but is not 1 
‘quired for appettive leaming (0). On the basis 
Of these findings, we predicted that, if QMP 
targets dopamine pathways selectively (9), ap- 
Petitive Ieaming in young bees shoukd not be 
affected by QMP. We thus compared the ability 
of young QMP-treated bees and controls to as- 
sociate an odorant stimulus with a sucrose re- 
ward. Appetitive kaming was examined! using 
the proboscis extension reflex (/3, 4). QMP- 
treated bees and! control (untreated) bees were 


Fig. 1. Effects of MP on aversive learning in 6-day-old workers. Associative olfactory conditioning of 
the sting extension response (SER) was used to compare aversive learning in (A) control bees and (B) 
bees treated with QMP. Bees were trained to discriminate between an odorant paired with electric shock 
(Ss, filled circles) and an odorant that was not reinforced (CS-, open circles) (A) (i) After 12 con- 
ditioning trials (6 with CS+ and 6 with CS~), control bees clearly discriminated between the two odorants 
[(1,78) = 31.86, P < 0.0001]. (A) (i) One hour after the last conditioning trial, a significantly higher 
percentage of controls responded with sting extension to the odorant associated with electric shock 
(black bar) than to the nonreinforced odorant (white bar) (z? = 18.05; P < 0.0001). (8) i) QMP-treated 
bees did not learn to discriminate between the two odorants as a result of conditioning (F(1,78) < 
(0.0001, not significant (ns.)].(B) (id One hour afte the last conditioning trial, the percentage of bees 
responding to the two odorants was similar (y? = 3.2, n. 


Fig. 2. Effects of QMP on appetitive learning in 6-day-old workers. Associative olfactory conditioning 
‘of the proboscis extension response (PER) was used to compare appetitive learning in (A) controls and 
(B) bees treated with QMP. Bees were trained to discriminate between an odorant paired with sucrose 
(G+, filled circles) and a nonreinforced odorant (CS-, open circles) (A) () After 12 conditioning trials 
(6 with CS+ and 6 with CS), control bees clearly discriminated between the two odorants [F(1,78) = 
48,51, P < 0.00011. (A) (ii) One hour after the last conditioning trial a significantly higher percentage 
‘of controls responded with proboscis extension to the odorant associated with sucrose (black bar than. 
to the nonreinforced odorant (white bar) (;? = 13.47, P = 0.0002). (8) (i) QMP-treated bees learned to 
discriminate between the two odorants [F(1,78) = 44.6, P < 0.0001]. (B) (i) One hour after the last 
conditioning trial, the percentage of bees responding to the reinforced odorant (black bar) was sig- 
nificantly higher than the percentage of bees responding to the nonreinforced odorant (white bar) 
(2 = 7.83, P= 0.005). 
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trained to diflerentiate between an odorant stim 
‘ulus paired with sucrose (CS+) and an odorant 
stimulus that was not reinforced (CS-). Over 
successive conditioning trials, the percentage of 
bees exhibiting proboscis extension in response 
to the reinforced odorant (CS*) inereased signif= 
icantly (controls, Fig, 2A, i: QMP-reated, Fig, 

2B, i), whereas responses to the nonreinforced 
edorant (CS-) showed no signi 
(controls, Fig. 2A, is QMParcated, Fi 
‘SOM text). The response curves show that bees 
in both groups clearly differentiate CS* from 
CS- Fig. 2). Moreover, in retention tests pe 
formed 1 hour afer the last condition 
both groups responded significantly more tC’ 
than to CS~ (controls, Fig. 2, is QMPAteated, 
Fig. 2B, ii). These results are consistent with 
evidence that the reinforcing capacity of sucrose 
in associative olfactory discrimination tasks is 
mediated not by dopamine, but by octopsumine 
(20, 15, 16), a0 amine that is not affected by the 
presence or absence of qusen pheromone (/7). 

What is responsible for mediating the QMP 
effects on aversive learning in young workers? 
The aromatic compound, 4-hydroxy- 
methoxyphenylethanol (homovanilly! alcohol, 
HVA) is major contributor to QMP's effects 
‘on dopamine signafing in the brain (9), To exam- 
ine HIVA’s contribution to OMP's effects on av 
sive leaming, we treated newly emerged adults 
‘with HVA alone (/3). Two control groups were 
included for comparison: untreated bees and bees 
tweated with the QMP component, methyl p= 
Inydroxybenzoate (HOB) (/), In contrast to HVA, 
HOB docs not modulate brain dopamine function 
in young worker bees (9), 

‘We found clear evidence of aversive leaming 
in both untreated bees (fig. S1) and bees treated 
‘with HOB, As a result of conditioning, the per- 
centage of bees responding. with sting extension 
to the reinforced odorant increased significantly, 
‘whereas responses to the nonreinforced odorant 
decreased (Fig. 3A, i, and SOM text) In be 
groups, bees clearly differentiated between C' 
and CS- (controls fig $1; HOB-treated, . 
i), and the level of responses to CS was stil 
significantly higher than the level of responses 
to CS- 1 hour after the last conditioning trial 
(controls, fig. SI: HOB-treated, Fig. 3A, 

In bees treated with HVA, lea 
impaired. Over successive conditioning ti 
the percentage of HVActeated bees respondit 
to CS* declined, mirroring responses to C 
(Fig. 3B, i, and SOM tex, Comparison of the 
response curves for CS andl CS- revealed no 
significant difference between the levels. of 
responses to the two odorants (Fig. 3B, i). One 
hour afier the last conditioning tial, the level of 
responses to CS+ was significantly higher than to 
CS- (Fig. 3B. i), which suggested that in some 
HIVAstreated bees an aversive memory Was es- 
tablished. However, the pereentage of HVA- 
tueated bees exhibiting a conditioned response 
‘was significantly lower than that of controls 
3B. ii). 
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Fig. 3. Effects of (A) HOB and (B) HVA on aversive learning in 4-day-old workers. Bees were trained to 
discriminate between an odorant paired with an electric shock (CS+, filled circles) and a nonreinforced 
‘odorant (C5-, open circles). (A) (i) HOB-treated bees clearly discriminate between the two odorants 
{a,78) = 84.61, P < 0.0001]. (A) (i) One hour aftr the last conditioning tral, a higher percentage of 
bees responded with sting extension to the odorant paired with electric shock (black bar) than to the 
rnonreinforced odorant (white bar) (2 = 24, P <0.0001).(B) () Comparison of the response curves for 
5+ and CS— revealed no significant difference between the levels of responses to the two odorants in 
HVA-treated bees (F(1,78) = 0.83, ns.) (B) (id One hour after the last conditioning trial, higher 
percentage of HVA-treated bees responded with sting extension to the reinforced odorant (black bar) 
than to the nonreinforced odorant (white bar) (,* = 4, P = 0.045). However, the percentage of bees 
‘exhibiting conditioned responses is significantly lower in HVA-treated bees than in HOB-treated bees 
(2 = 9.26, P = 0,002). 
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Fig. 4. Effects of QMP on aversive learning in 15-day-old workers. Associative olfactory conditioning of 
the SER was used to compare aversive learning in (A) control bees and (B) bees treated for 15 days with 
QMP. Bees were trained to discriminate between an odorant paired with electric shock (CS+, filled 
circles) and an odorant that was not reinforced (CS-, open circles). After conditioning, bees in both 
‘groups clearly discriminated between the two odorants [(A) @) F(l,78) = 53.7, P < 0.0001; (6) () QMP- 
treated bees F(1,78) = 47.96, P < 0.0001], One hour after the last conditioning trial, a significantly 
higher percentage of bees responded with sting extension to the odorant associated with electric shock 
(black bar) than to the nonreinforced odorant (white bar); (A) (i) = 18.05, P < 0.0001; (B) (i) QMP- 
treated, 7° = 20.05, P< 0.0001). 


Despite being exposed to queen pheromone, — by workers attending the queen have unpleasant 


forager bees show aversion fearing (/2). How 
can this be explained? Some QMP effects, 
including QMP’s ability to elicit retinue behavior, 
are age-lependent (2, 3), We examined aversion 
Teaming in bees exposed 10 QMP for 1S days 
(Fig. 4) (13) and found that both QMP-treated 
bees (Fig. 4A) and controls (Fig. 4B) showed 
robust aversion Ieamning. These results indicate 
that QMP's effets on associative olfactory fea 
ing and, presumably, also those of HVA alone, 
depend on worker age. 

HIVA has recently been identified as the 
pheromone mast important for increasing queen 
survival (/8}, This suggests that HIVA block- 
ing of aversive leaming in young workers is 
‘somehow advantageous to the queen. One possi- 
bility és that high dosages of QMP experienced 
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side cfgcts. Previous reports have shown, for 
amp, that QMP in high concentrations can be 
repellent to workers (/9, 20) and can clicit 
aggression (2/, 22), behaviors that could jeopar- 
dize the survival of the queen. By blocking the 
establishment of aversive memories, young bees 
‘would be prevented from forming an association 
‘between QMP and any unpleasant side effects 
induced by high dosages of this pheromone. This 
Would confer significant benefit, as it would 
increase the likelihood of workers” remaining in 
attendance of the queen. Retinue behavior not 
‘only ensures that the qucen is constantly fed, 
«groomed, ane antennated by young workers (/-3), 
‘but also, that the quoen’s attendants facilitate the 
distribution of QMP throughout the colony (23). 
It is noteworthy that, for reasons that remain 


unclear, QMP's effects on aversive leaming are 
age-dependent. Even in the presence of qucen 
pheromone, older workers exhibit robust 
aversion learning. This is also significant, as it 
ensures that this important survival tool can 
benefit workers and contribute ultimately to the 
survival ofthe colony asa whole, 
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PCR Reagents 

The TaqMan Gene Expression Master Mix and 
TagMan Genotyping Master Mix reagents are 
formulated for exceptional sensitivity and 
‘eproducibility for both routine and challeng: 
ing real-time polymerase chain reaction (PCR) 
applications. When used as part of TaqMan: 
bbased quantitative real-time PCR protocols, the 
TaqMan Gene Expression Master Mix helps 
researchers to detect low expressed genes, per- 
form duplex PCR of a target and reference 
gene, and distinguish between similar DNA oF 
RRNA sequences. When included as part of Taq 
Man-based single nucleotide polymorphism 
‘genotyping protocols, the TaqMan Genotyping 
Master Mix generates high-quality genotyping 
data with distinct, well-separated clusters of 
alletes. 
Applied Biosystems For information 
{800-327-3002 www.applieddiosystems.comtagman 


Custom DNA-Peptide Conjugates 
‘Anew synthesis service for custom DNA-pep: 
tide conjugates features the native chemical 
ligation approach involving linking a cysteine 
in one moiety (either peptide or DNA) to an 
activated thioester terminus in the others. Cus 
tomers can provide their own DNA or peptide 
{or conjugation or Activotec can synthesize the 
DNA and peptide to be conjugated. 

‘Activotec For information +44 1223 260008 
womadtivotec.com 


‘Aequorin Option for 
‘Screening System 

‘Anew aequorin option for the FLIPR Tetra fluo- 
rometric imaging plate reader includes a 
‘uniquely designed camera that can detect both 
fluorescence and aequorin luminescence. It 
also includes a cell suspension option. Both the 
camera and cell suspension option are opti- 
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Oscillating Diamond Knife 


www.sciencemag.org/products 


The Distome UltraSonic Oscillating Diamond Knife produces ultrathin sections free from com- 
pression. The patented knife overcomes the problems of compression even in room tempera 
ture sections, which can be as much as 20 percent with conventional sectioners, 


mized to enable researchers to expand their 
calcium mobilization assays to include 
aequorin luminescence measurements. The 
‘new option enables cell suspension assays, 
thereby minimizing cell preparation time and 
reducing assay cost, 

Molecular Devices For information 


408-747-3514 www. moleculardevices.com 


Methyltransferase Assay 

SAM (S-Adenosyimethionine) Methyltrans: 
ferase Assay is a continuous enzyme-coupled 
assay for the measurement of methyltrans: 
ferase activity. The assay can be used for a 
large family of enzymes that use SAM as a sub: 
strate. The assay does not require radioactively 
labeled samples or endpoint measurement 
with ultraviolet detection. 
Genotech/G-Biosciences For information 
800-628-7730 wim. GBiosciences.com 


Single-Stranded DNA 

CircLigase ssDNA Ligase efficiently catalyzes, 
the circularization of single-stranded DNA 
(5sDNA) of greater than 30 bases without the 
need for oligonucleotide “bridges.” Virtually no 
linear oF circular concatamers are produced. 
This ligase is suitable for preparing circular 
SSDNA for rolling circle replication oF rolling 
Circle transcription assays. 

Epicentre Biotechnologies For information 


800-284-8474 wwn.epibio.convCirctigase.2sp 


Long Wavelength UV Plates 

Keystal-UV plates are a range of clear-bottomed 
microplates designed for performance in the 
long wavelength ultraviolet (UV) range. They 
are available in 24-nell, 96-well, and 384-well 
formats and in black or white polystyrene. They 
offer excellent photometric performance down 
to 325 nm. Wavelengths below 350 nm are par- 


Diatome U.S. For information 215-412-8390 wom.emsdiasum.com 


ticularly useful for a variety of fluorescent 
assays such as HNK'1 and thioguanine, as well 
45 many absorbance assays, including vitamin 
A, retinol and retinyl acetate, caspase, acid 
phosphatase, and hydroxyproline. 

Porvair Sciences For information 

+44 1932 240255 woen.porvai-scences.com 


DLS Microplate Instrument 

The HorizonDLs is a dynamic light scattering 
(OLS) instrument that features patented single 
mode fiber optical detection, dual attention 
technology, and independent temperature con: 

trol of microplate and sample. The HorizonDLS 
detivers sensitivity on ultra-low sample volumes 
automatically from the entire plate or selected 
wells, with no user interaction required. Alter the 
prepared microplate is manually or robotically 
placed in the temperature-controlled instru: 

‘ment, intuitive software automatically makes the 
measurements according to the user-pro: 

grammed acquisition sequence. The results are 
displayed in seconds, A complete size distribu: 

tion of an entire microplate can be automatically 
accomplished in just minutes, The instrument's 
applications include screening of aggregates 
prior to protein crystallization, monitoring size 
and aggregation as a function of varying solu- 
tion conditions, buffer optimization, and charac 

terization and screening of biotherapeutics for 
sell-association, 

Viscotek Europe For information 

+44 1344 467180 wnviscotek.com 


eniy offered instrumentation, apparatus and laboratory 
‘materials of interest to researchers in all disciplines in aca- 
eric, industrial and government organizations are featured 
in this space. Emphasis is given 1 purpose, chiel characteris 
tis, and availablity of products and materials. Endorsement by 
‘Science or BAAS of any products or materials mentioned isnot 
‘implied. Additional information may be obtained from the 
smanuacure or spin 
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‘TENURE-TRACK FACULTY POSITION 
Infectious Diseases 

‘The Department of Veterinary Microbiology and 
Pathology, College of Veterinary Medicine, Wash- 
ington State Unnersity (WSU), invites applications 
for a fulltime, tenure-track postion in infectious dis- 
‘exes, This position will be defined as 50 to 60 per- 
cent research and 40 to 50_percent teaching, 
depending on the goals of the individual who fils 
it. The anticipated start date is May 1, 2008, or be 
fore, The faculty member will be expected wo de- 
velop and maintain an independent extramurally 
funded research program that interfaces with active 
rescarch programs within the College of Veterinary 
Medicine. The Department is extremely collabora: 
tive, Active, funded research groups are focused on 
the immunology, pathogenesis, cpalemiology, and 
‘genomics of infectious organisms that produce dis 
fea in animals and/or are zoonotic in nanure-Zoancti: 
[gents include food- and water-borne pathogens for 
‘which animals are important hens. The Department's 
research programs are enhanced by NIH-funded 

ining grants and are located in excellent faiths 
the WSU campus, Preference will be given 10 


Sandtes wih demondrated abies in tacting. 


funding, conducting and publishing the results 
Iypodhess fused rescrch, au intrest i igh ual 
graduate education. A PhD. and D.V-M. or equi 
Sent degree i required, a8 well as a research focus 
fon nfechous disease and 3 commitment to excell 
{aching in a cliniallyrecvant context. The teach 
responsibly inchades teaching and digecting 
‘ternary bactenobogy, a core course in WSU"s pro 
Tesstnal veterinary medicine curdculim. The sc 
cessfil candidate wil alo be expected to. work 
Slorely with other teaching faculty in the Dxpart 
‘ment, and be actively involved in the Departmen 
‘collaborative teaching efforts The postion is ant 
pated to be atthe level of ASSISTANT of ASSO- 
CIATE PROFESSOR. Applicants for an Associate 
Profewer keel postion mat have a wrong publication 
son cn caramel Erin, ce 
exhung eradentiah. Review of appbicsbnsw 
Iu 20-2007, Sob ec of ppt, curio 
vita and names and addrescs of thece creness to 
Dr. Stephen Hines, c/o Ms. Sue Zamwalt, Calege 
ff Veterinary Medicine, Washington State Univer: 
sity, P20. Box 647040, Pullman, WA 99164-7040, 
The application letter should indicate the applicant's 
short ant longeterm goals regaring bot research 
nd teaching It should alin outline his/her qual: 
ifcations for the postion described. Protected group 
members are encouraged to apply. For more in 
formation sce. website: hetps//www.vermed.wst. 
cedu/employment/. HSU san Fg npn Op 
[penoty fomanre aks Laney 


EVOLUTIONARY BIOLOGY 
The University of Oregon Center for Ecology 
and Evolutionary Biology (CEB; website: het: // 
‘rolution.woregon.cd/) and the Department of 
Biology inte applications for 3 tenure-track pos 
‘bon (ASSISTANT PROFESSOR) in evolutionary 
ply. We ate particule interested in candhlates 
studying the crokition of Biological prowess at the 
Imokculr lee in order to addr fundameneal ques 
one in colutonay lg. The ace nd 
ddce wil have an outstanding research pro 
Sectmsenne vo ccclence packing BD. 
‘quired. Applicants should submis curculum vitae, 
Satement of rescarch intrest, seatcment of feahing 
Philosophy, and tree letters of recommendation to 
Evolution Search Commitee, Department of Bi 
‘ology, 1210 University of Oregon, Eugenc, OR 
97403-1210. To ensure full consideration, applica 
‘ions should be received by September 5, 2007, 

The Unisy of Ong is Eid Opp 
Afimatie daon bution comodo ated eeaty 
‘aul ample th te Ames’ wth Debi A 

men nl mimi ane waced apy. We arc 
srs font quel pleas whe he or om 
presen 


‘Texas A&M University, Chemistry. 
‘Nominations of renowned leaders in any area, 
‘oF chemistry are solicited for the DOHERTY: 
WELCH CHAIR snd the BARTON-WELCH 
CHAIR in the Department of Chemistry at 
Texas A&M University. Nominations and in- 
guirics should be made to: David H. Russell, 


2979. chemheade 
‘madi chemsamuedu) 
Se ec po oa caraendry hy 


program in all areas and ranks, We strongly 
‘encourage applications from women, minsrtis, 
‘dual carcer couples, veterans, and individuals 
‘with disabicics. 


“TWO TENURE-TRACK FACULTY POSITIONS 
Infectious Discases/Microbial Immunology 
The Department of Veterinary Microbiology and 

Pathology in the Washington State University, Co 

lege of Veterinary Medicine invites applications for 

two fullxime (12-mondh) tenure-track postions in 
infectious diseases. The positions will beat the 

ASSISTANT PROFESSOR level a are defined 

a8 approsimately 85_ percent research and. 15 

percent teaching, A Ph.D, of clinical Doctorate 

{DVM ALD.) with a minimum of oo yeas of post 


oacea experience is required. The suc cin 
dil ie cart of contig a ut 
high-quality ress rom Iyporhess based recat, 


fort tr arcing ral ig ect 
igh aaly graduate cation, and comvnkment to 
mentoring undergraduate and professnal steht 
inrocch, The Keay soci wil be expected to 
teach graate level cous and devclop art a 
tain an independent extramural fardedescarchs 
ow tha nec with omging nun 
ices rescarch within the Deparment, Colle, 
fand Univenity. Active, wel-fanded research groups 
are focined on the immunology, pathogeneay ep 
‘emiclogy and genomics of animal pathogen ad 
Zoonotic agent. Research earn atthe undergrad 
tate, graduate, an! postdoctoral evel are supported 
ty NIH taining programs, andthe faculty member 
iveapocted to actively participate in these programs 
2 all levels. Review of applications wil gin Al 
ws 15, 2007. Subaede ter of app 
Feulum’ vite, and levers of support tram. thes 
tcfrenccs to: Dr. Guy Palmer, c/o hi, Sue Zama 
by email szumwalt@vetmed wru.edu, College of 
Veterinary Medicine, Washington State University, 
P.O. Box 647040, Pullman, WA 99164-7040, Far 
tore infration sce wet: hep /wwvetmed 
srswseds/employment/. 1S tr lal Emp 
Spremity inate Akon Linpoyr Posted op 
moni cme ¥ 


‘The School of Forest Resources and Environmental 
Science at Michigan Technological Univer insite 
plications fora tenure-track nine-month fculty postion 
tn the area of wetland science at the ASSISTANT 
PROFESSOR level. Candalates must possess a Ph.D, 
atthe time of appointment, Preference Will be given 
‘eandidates with research and teaching experience in 
Wetland ecology, hiogcochemistry, sels, or hydrology 
Responsibilities include teaching three courses per 363. 
‘demic year and development ofa vigorous, extamually 
funded research program supporting Master's and dox 
‘oral students. For addtional information see website: 


ia 
names ofthe erences 4 one pape seca ot 
tench inesess, anda anc pageeomement of aching 
Palowpty 7 De. Blk Or, Wetland. Scent 
Search’ Committee, School of Forest Resources 
and Environmental Science, Michigan Technolog. 
ica Univenig, 1400 Townsend Deve, Hiugpton, 
Mt 49951-1395, Rovow of apse wl bop 
October 1 2007, so wil conn wl he potion 
wg 

Rie Ted ney i aE Oppo 
dues btn gad Opti Eye 


wew.sciencecareers.org 


Head, Department of Microbiology and Molecular Genetics 
Oklahoma State University 
‘The Department of Microbiology and Molecular Genstcs (MMG) at Oklahoma State Univesity (OSU) invites appicati jon of Depan- 
ment Head, The postin will ety the rank of Professor wth enure and will havea staring date on or afer | July 2008, We secka dynamic and vison 
ary leader to help us increase our national prominence inthe following research arcs: (1) Molecular Microbial Ecology, (2) Molecular Mechanisms of 
Pathogenesis, and (3) Molecular Microbial Physiology. 


‘The MMG Department is currently in a period of growth, with two faculty hirings in the last year and additional hires anticipated. Our department has 


‘many nationally funded research programs encompassing a broad range of topics that fall under the above three focus fields in both prokaryotic and 
ccukaryotic systems and these programs are strengthened by excellent campus-wide core facilities. Our department offers B.S., M.S. and Ph.D, degrees 
H-funded program devoted to empowering an unver-rep- 


in Microbiology. In addition, itis home of the Native Americans in Biological Sciences, an 
resented minor 
‘OSU is land-grant institution with 24,000 students atthe Stillwater campus located in north-central Oklahoma, 70 miles from Oklahoma City and Tulsa 
OSU is building a new Interdisciplinary Research Building. one third of which is dedicated to esearch in the biological sciences with biodiversity and 
biophysics themes directly related to research programs in the departinent. The new Head is expected to play an active role in developing these and other 
thrust areas, 
ideal candidate will have a doctorate degree in Microbiology or a closely relate ficld, a nationally recognized research program consistent with our 
ch foe, demonstrated success in obtaining extramural grant suppor, significant administrative experience along with outstanding interpersonal and 


fon skills, a commitment to supporting innovative teaching, and a vision for curricular reform that will produce stusents highly qualified for 
careers in research, teaching. and other professional pesitions. 


Qualified applicants should submit a leter of application, statements of research, teachit 
letters of reference testifying to the applicant's leadership and administrative ski 
Department of Microbiology & Molecular Genetics, 307 LSE, Oklahoma 


and administrative philosophies, a curriculum vitge, and four 
Dr. Loren Smith, Chair, Department Head Search Committee, 
te University, Stillwater, OK 74078-3020, E-mail: sallie.robinson 


@okstate.edu. Informal inquiries to Dean Peter M. A. Sherwood of the College of Ants and Sciences are welcome (Telephone: 408/744-8663; email 
petersherwooddokstate.edu). Application review will begin 1 September 2007 and will continue until the position is filled. For further informa- 


tion about the position, 2s well as descriptions of current research ac 


Jimicrobiology.okstate.edu, 


ies and educational programs please see the Departmental web site at http: 


Oklahoma Stare University encourages applications from qualified women, minorities, ana persons with disabilities. 


UNIVERSITY OF PITTSBURGH 
Boyer Chair in Molecular Biology 
Department of Biological Sciences 

ncesat the 
ites applications 
for nnowly created Endowed Chair atthe Fall 
rofessor rank, pening budgetary approval 
Applicants must demonstrate an exceptional 
record of research accomplishment based cat 
publications, nationantemational recogai- 
tion and extramural funding. We sock on out- 
studying exciting problems 
inthe genera area of molecular biology. The 
successful candidate wil beascientfi leader 
‘working alongside existing culty in anit 
activebroad based Departinent of Biological 
Sciences. Further information onthe depart 
ant its fculy aii, 


and graduate programs is available at het 
issww.pittedu/-biology 


Applications wil be aceped unt the poi 

6 filled, but review will commence 
insmodiatey The sat doef esol bois 
‘not anticipated to be sooner than September 
1, 2008. Qualified individuals should send a 
single file in pa format containing their cur- 
riculum vitae, brief statements of curent and 
future research and teaching interests, and 
the namesand addresses of five references 10 
biochria pitted. 

The University of Pinshurgh is an 
Affirmative Action, Equal Opportunity 
Employer: Women and members of minority 
groups under-represented in academia are 
expecially encouraged to appl 


ta | 


ECOLE POLYTECHNIQUE , 
FEDERALE DELAUSANNE SW 


Full Professor in Molecular 


Oncology and Director, 


s Institute for Experimental 


Cancer Research (ISREC) at EPFL 


We are secking an outstanding individual to 
lead the Swiss Institute for Experimental 
Cancer Research (ISREC), one of the four 
institutes of the EPFL School of Life 
es (hitp//svepf.ch), 

The successful candidate will conduct world 
class research in molecular oncology or a 
related field directly relevant to cancer, 
hile shaping the general strategy of ISREC 
within the framework of a campus that fos- 
ters very strong interactions between life 
sciences, basic sciences, computer science 
and engineering. Participation in undergrad- 
wate and graduate teaching is expected, 
excellent administrative support will be 
provided. 

Top-ofthe-line resources and research 
infrastructure will be available in a new 
building on our lakeshore campus. Opportu- 
nity will exist for the recruitment of addi- 
tional junior group leaders to reinforce the 
ISREC team and fulfil the new director's 
strategic vision 


To apply, please follow the procedure indi- 
cated at http:/isreefac-epfl.ch, The follow- 
ing documents are requested in PDF format 
curriculum vitae, including publication list, 
brief statements of research and teaching, 
interests, names and addresses (including 
il) of 6 references. Screening will start 
‘on August 31, 2007, Further questions ean 
be addressed to: 


Professor Didier Trono 


EPFL 
(CH-1015 Lausanne, Switzertand 
‘e-mail: reeruiting.isree@epfl.ch 


For additional information on EPFL, please 
‘consult htip:/www.epfl.ch 
EPFLis committed to balance genders with- 
in its faculty, and most strongly encourages 
‘qualified women to apply. 


» a a 


uf NATIONAL INSTITUTES OF HEALTH 


YT 


- OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES sass 
DIRECTOR, DIVISION OF STRATEGIC COORDINATION os 


‘The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is secking a Director of the Division of 
Strategic Coordination (DSC) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI), If you are an exceptional 
candidate with an M.D. and/or Ph,D.,. we encourage your application. 


‘The OPASI’s primary objective is to develop: a transparent process of planning and priority-setting characterized by a defined 
scope of review with broad input from the scientific community and the public; valid and reliable information resources and tool 
including uniform disease coding and accurate, current and comprehensive information on burden of disease; an institutionalized 
process of regularly scheduled evaluations based on current best practices; the ability to weigh scientific opportunity against public 
health urgency; a method of assessing outcomes fo enhance accountability: and a system for identifying areas of scientific and health 
improvement opportunities and supporting regular trans-NIH scientific planning and initiatives. 


As the DSC Director, you will be responsible for integrating information and developing recommendations to inform the priori 

setting and decision-making processes of the NIH in formulating NIH-wide strategic initiatives, These initiatives will address 
exceptional scientific opportunities and cmerging public health needs (akin to the Roadmap, Obesity, and Neuroscience Blueprint 
initiatives), You will also be responsible for providing the NIH Director with the information needed to allocate resources effectively 


Salary is commensurate With experience and includesa full benefits package. A detailed Vacancy announcement with the mandatory 
qualifications and application procedures ean be obtained on USAJOBS at www.usajobs.goy (announcement number OD-07- 
17284-1742) and the NIH Web Site at http://www.jobs.nih.gov. Questions on the application procedures may be addressed to 
Brian Harper on 301-594-5332. Applications must be received by midnight eastom standard time on August 10, 2007. 


OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES &esy 
DIRECTOR, DIVISION OF EVALUATION AND SYSTEMIC ASSESSMENTS Cr 


‘The Office of the Director, NatfOnal Institutes of Health (NIH) jin Bethesda, Maryland, is seeking a Directof of the Division (of Evaluation and 
Systemic Assessments (DESA) Within the Office of Portfolio Analysis and Strategic Initiatives (OPASH). If you are an exceptional candidate 
‘with an M.D. and/or Ph.D. and the vision and ability to integrate evaluation systems and programs across multiple disciplines and onganizations, 
‘we encourage your application. 


‘The OPASI's primary objective is to develope a transparent process of planning and priority-seuitig characterized by a defined scope of review with 
broad input from the scientific community and-the public: valid and reliable information resources and tools. including uniform disease coding 
surrent and comprehensive information on burden of disease: an institistionalized process of regularly scheduled evaluations based 

practices: the ability to weigh seientfic“opportunity against public health urgency: a method of assessing outcomes to enhance 

ida system for identifying areas of scientific and health improvement opportunitics and supporting regular trans-NIH scientific 


As the DESA Director, you will be responsible for planning, conducting, supporting, and coordinating, specific program evaluations and projects 
of NIH Institutes and Centers such as the Roadmap, Obesity, and Neuroscience Blueprint initiatives. In addition, you will serve as the liaison 
for conducting governmentally required assessments according to the Government Performance and Results Act (GPRA) and OMB Program 
Assessment Rating Tool (PART). You will also serve as a member of the OPASI Steering Commitice involved in oversight of institution-wide 
planning and analysis, 


Salary is commensurate with experience and includes a fi ckage. A detailed vacancy announcement with the mandatory qualifications 
and application procedures ean be obtained on USAJOBS at ww w.usajobs.gov (announcement number OD-07-172847-T42) and the NIH Web 
Site at hutp://www.jobs.nih.gov. Questions on the application procedures may be addressed to Brian Harper on 301-594-5332. Applications 
must be received by midnight eastem standard time on August 10, 2007. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES 
DIRECTOR, DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS 


‘The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is secking a Director of the Division of Resource Develop- 


‘ment and Analysis (DRDA) within the Office of Portfolio Analysis ang Strategic Initiatives (OPASH). If you are an e 


an M.D. and/or Ph.D., we encourage your application. 


The OPAST’s primary objective isto develop: a transparent process of planning and priority-sctting characterized by a defined scope of re 


tional candidate with 


ew with, 


broad input from the scientific community and the public; valid and reliable information resources and tools, including uniform disease costing 
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oon current best practic 
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he ability to weigh scientifi 
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Asthe DRDA Director, you will be responsible foremploy 


fe, current and comprehensive information on burden of disease; an insttutionalized process of regularly scheduled evaluations based 
‘opportunity against public health urgency; a method of assessing outcomes to enhance 
‘areas of scientific and health improvement opportunities and supporting regular trans-NIH scientific 


resources (databases, analytic tools, and methodologies) and developing specifications 


for new resources, when needed, in Order to Conduct assessments based on NIH-owned and other databases in support of portfolio analyses and 


priority sotting in scientific areas of interest across NIH. 


is commensurate with éxpericht® and includes a full benefits package./A detailed vacancy announcement with the mandatory qualifications 


al 
and application procedures ean be obtained on USAJOBS at www.usajobs.gov (OD-07-172841-T42) and the NIH Web Site at http://vww. 


jobs.ni.gov. Questions on the appli 
‘midnight easter standard time on August 10, 2007. 


NIDDK @) 
Post-doctoral Fellowship Positions 
National Institute of Diabetes and Di 
and Kidney Diseases 


Post-doctoral fellowship positions are available stating September 1, 2007 in 
the Diabetes Branch of the National Institute of Diabetes, Digestive and Kidney 
Diseases (NIDDK), National Institutes of Health (NIH). Research will focus 
on elucidating the roles of cell eycle regulators in the pathogenesis of diabetes 
and obesity. Projects involve generation and characterization of genetically 
engincered mouse models, Candidates with a strong background in molecular 
biology, experience in pancreatic islet beta celV/adipocyte biology fields and 
familiarity with ex vivo and in vivo models of diabetes/obesity are especially 
encouraged to apply. Applicants should have received their Ph.D. within the 
past five years and be ligible for an appropriate US visa, ifnecessary. Acurent 

.Nsastatement describing research interests and career goals, and three leters 
lof reference should be sent to: 


Sushil G. Rane, Ph.D. 
Regenerative Biology Section, Diabetes Branch 
National Institute of Diabetes & Digestive and Kidney Diseases 
National Institutes of Health 
Building 10, Clinical Research Center, West Laboratories 
'$-$940 South Drive and Old Georgetown Road 
Bethesda, MD 20892 


Exmail: ranes@mail.nih,gov; Tel: 301-451-9834 


on procedures may be addressed to Brian Harper on 301-594- 


332. Applications must be received by 


[siti INFLAMMATION AND CANCER 
TENURE TRACK POSITION 
LABORATORY OF HUMAN CARCINOGENESIS 


‘The Laboratory of Human Carcinogenesis (LHC), Center for Cancer Research, 
National Cancer Institute, has a long tradition of excellence in the investign- 
tion of the molecular carcinogenesis and epidemiology of human cancer. The 
Laboratory now invites applications for a tenure track position to study the role 
of chronic inflammation in human cancer. The applicant should have previous 
postdoctoral experience; a substantive record of publications in quality, peer- 
reviewed journals and the potential to develop an independent research program 
that utilizes basic research discoveries and their translation to investigate the 


This position is available fora Ph.D. oF M.D. with a salary commensurate Wi 
‘education and experience. The position is available to US. citizens and fore 

rationals. A one or two-page statement of research interests and goals should 
be submitted in addition to three leters of recommendation and a curriculum 


‘Ms. Shirley Swindell, Laboratory Program Specialist, LHC, CCR, NCI, 
‘Building 37, Room 3060C, Bethesda, MD 20892-4288, Phone: 301-496-2048, 
Fax: 301-496-0497, email: swindels@ mail.nih.gov. 


Applications must be postmarked by October 1, 2007. 


ience Careers 


U.S. Department of Energy 
Associate Director 
Office of Science for 
Biological and Environmental Research 
‘Announcement # SES-SC-HQ-014 (kd) 


Department of Energy's (DOE's) Office of Science is seeking 
qualified candidates to lead its Biological and Environmental Research 
(BER) Program. With an annual budget of more than $500 million, the 
BER Program is the nation's leading program devoted to applications of 
biology to bio-energy production and use and to environmental remedia- 
tion. The BER Program supports major research programs in genomics, 
proteomics, systems biology, and environmental remediation. The 
Program is also one of the nation's leading contributors to understanding 
the effects of greenhouse gas emissions, aerosols, and atmospheric 
particulates on global elimate chang. 


The Director of Biological and Environmental Research is responsible 
forall strategic program planning in the BER Program; budget formuls- 


wid execution; management ofthe BER office inchuding a federal 


free of and administrative staff; program 
integration with other Office of Science activities and with the DOE 
technology offices; and interagency integration. The position is within 
the ranks of the U.S, government's Senior Executive Service (SES); 
members ofthe SES serve in key positions just below the top Presiden- 
tial appointees. For more information on the program please go to http: 
Iwwwse.doc gov/ober! 


For further information about this position and the instructions on how 
to apply and submit an application, please go to the following website: 
‘http://jobseareh.usajobs.opm.gov/get|ob.asp?JobID=S8S208068., 
VSDM=2007%62D06%2D06+13% 3A44%3 02K LogonO&qnSES- 
SC-HQ-014+(kd)& Fed Emp=N&sortorv&ywed&brd-3876& 9-0 
‘&FedPub=Y&SUBMITLx=47&SUBMITLyI8. To be considered 
fir this position you must apply online. It is important that you follow 
the instructions as stated on the announcement SES-SC-HQ-014 (kd) 
site abo 


Professor and Co-Director 
Redox Biology Center and Department of Biochemistry 
University of Nebraska-Lincoln (UNL) 


‘The Redox Biology Center (RBC) at UNL, funded asa Center of Biomedical 
Research Excellence bythe National Institutes of Health, invites nominations 
and applications from established investigators fora tenured Full Professor 
position inthe Department of Biochemistry and Co-Director ofthe Center. 
‘The RBC isamajor focus group for research in redox biology, incorporating 
various investigators at UNL and the University of Nebraska Medical Center 
in Omaha. Areas such as thiol-based redox signaling and gene regulation, 
redox control of neurodegenerative diseases and cancer, biochemistry of 
redox-active trace elements, structural biology, proteomics/metabolomics, 
microbial pathogenesis and redox homeostasis are all current targets of 
investigation. The Center also operates mass-spectrometry and spectros- 
‘copy core research facilities. The successful applicant will be expected 10 
lead an internationally recognized, federally funded research program and 
‘contribute tothe development and leadership of the Center 

‘The position will be housed inthe state-of-the-art George W. Beadle Center, 
‘and carries with ita 12-month, state-funded appointment. This senior hire 
isthe first of several new positions that the RBC will fill in various areas of 
redox biology during the next four years. To learn more about the Center 
and the Department, pleas visit htp:/'w wwaunLedu/Redox BiologyCenter 
‘and http:/?blochetn.unl.ed, 


Applicants should go to www.employment.unl.edu and search for posi 
tion #070421, Complete the faculty academiciadministrative information 
form. Applicants should submit leer of application, curriculum vitae, a 
succinct statement of research interests, and three letters of reference sent 
to: Dr. Vadim Gladyshev, Redox Biology Center Director, University of 
Nebraska, NII8 Beadle Center, Lincoln, NE 68588-0662, USA (e1nal: 
redox24@ ual.edu), Review of applications willbegin on September 4.2007 
and continue until the positon i filled, 
The University of Nebraska is committed toa pluralistic campus commu 
nity through Affirmative Action and Equal Opportunity and 
‘of dual career couples. We assure 
Americans with Disabilities Act 
‘contact Sheila Hayes at 402-472-4742 for assistance, 


Scientific Curator 


Professional positions are available as Scientific Curators with the 
Mouse Genome Informatics Program at The Jackson Laboratory 
Successful candidates will be primarily responsible for data acquisi- 
tion and analysis, evaluating and annotating data to be incorporated 
into the database, integrating information from disparate sources, 
and interacting with research laboratories and genome centers 10 
facilitate data transfer. In addition, Curators take part in database 
and interface design by contributing biological perspectives to new 
data content and displays. Currently we are recruiting for curators 
for the KOMP (Knockout Mouse Project) the Mouse Genome 
Database, and the Mouse Tumor Biology Database. Preferred areas 

fre gene annotation and analysis based on biological 
phenotypes and genetic engineering: and cancer 
biology. respectively. Other desimble attributes include excellent 
\writing/communication skills and the ability to work effectively in 
‘team environment, Ph.D. degree in Life Sciences required, post- 
doctoral experience preferred. 


A cover letter should be submitted with your resume. Interested 
individuals should apply on-line on the internet (wwwjax.org). refer 
to job requisition #SC-08. Please submit cover letter and resume as 
cone document. 


The Jackson Laboratory is one of the world’s foremost centers for 
‘mammalian genetics research. Located in Bar Harbor, Maine, the 
lab is adjacent to Acadia National Park. Mountains, ocean, forests, 
lakes, and tails are all within walking distance. 


If you love high tech challenges but you're looking for @ more 
natural environment, this could be the opportunity you've been 
searching for 


‘THE UNIVERSITY OF TEXAS 
SOUTHWESTERN MEDICAL CENTER 
AT DALLAS. 


Faculty Positions in Infectious Diseases 


The Division of Infectious Diseases in the Department of Internal Medi- 
cine at the University of Texas Southwestern (UTSW) Medical Center at 
Dallasissecking new faculty members at the Assistant Professor, Associ- 
ate Professor, of Professor levels, Faculty will be expected 10 develo 
independent and externally funded independent research programs that 
focuson understanding the molecular pathogenesis of infectiousdiseases 
and or host defense mechanisms. Preference will be given to applicants 
performing “cutting-edge” research on medically important pathogens, 
emerging pathogens, and/or agents of potential biothreat, Excellent 
‘opportunities exist for collabor Infectious 


established strengths in structural biology. 
biochemistry, molecular biology, genetics, and numerous other areas. 
Candidates will be expected to contribute to the teaching and research 
training of Infectious Diseases fellows. The positions offer attractive 
start-up packages and laboratory space. Candidates shouldhavean M.D. 
andior a Ph.D. degree with atleast two years of postdoctoral experience 
and an outstanding publication record. 


To apply, submit a CV, three lettes of reference, and a description 
of research interests to: Dr. Beth Levine, Chief, Division of Infec- 
tious Diseases, UT Southwestern Medical Center, $323 Harry 
Hines Blvd, Dallas, TX 75390-9113. E-mail: Cindy.Jozefi 
UTSouthwestern.edu 


UT Soutlovestern is an Equal Opportunity 
Affirmative Action Employer: 


University of Ber en 


Parts of the camp u 17 sand nearly 
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Professor in Oceanography and Director at NERSC 
The Geophysical institute has an opening for a professorship in oceanography. The successful candidate will also be offered 

the post as Director of the Nansen Environmental and Remote Sensing Center (NERSC) 

The applicant should be an internationally recognized researcher within the areas of oceanography/climate/remote sensing, 
Applicants should have substantial research leadership experience as well as experience in coordinating research activities and 
in strategic research planning. Candidates should further demonstrate strong interpersonal skills and the ability to work and 
‘communicate well with others in a team environment. Salary is negotiable. 

Procedures and criteria for application are given at http://melding uib.no/doc/Ledige_stillinger/1177479945 htm, 

A description of the position is available at http://www.uib.no/mnfa/stillingsomtaler/professorat/Oceanography- Director NERSC_O7htm 
For additional information on the position please contact the Head of the Geophysical Institute, Peter M. Haugan. 
(phone +47 55 58 26 78; email peter.haugan@gfi.uib.no) or the Chair of the NERSC Board, 

Dag L. Aksnes (phone +47 913 17 497; email dag.aksnes@bio.uib.no). NERSC | 
Applications should be addressed to Geophysical Institute, The University of Bergen, 

Allég. 70, NO-5007 Bergen, Norway. Please do not send applications by e-mail 

Closing date for applications: 15 September 2007. Quote reference No: 07/3091/MN. 


U.S. Department of Energy 
Office of Science 
Deputy for Programs 
Announcement #SES-SC-HQ-013 (kd) 


The U.S, Department of Energy's (DOE) Office of Science is secking 


A Career 
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‘nuclear physics, basic and fusion energy sciences, and biol \deomputational 
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‘geophysics, genomics, 
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‘neutron scattering facilities. bio-chergy research centers, supercomputers and high-speed computer 


networks. More information on the Office of Science can be found at http:/sclence.toe.gov 


The Deputy for Programs provides scientific and management oversight of the six program offices 
by ensuring program activities are strategically conceived and executed; formulating and defend 
ing the Office of Science budget request; establishing policies, plans, and procedures related to 
the management of the program offices: ensuring the research portfolio is integrated across the 
program offices with other DOE program offices and other Federal agencies; and representing the 
‘organization and make commitments forthe Department in discussions and meetings with high-level 

wernment and private sector officials. The position is within the ranks of the US. government's 
Senior Executive Service (SES); members of the SES serve in key positions just below the top 
Presidential appointees 


To apply for this position, please see the announcement and application instructions at ttp:// 
_jobsearch.usajobs.opm.gov/sec.asp under the vacancy announcement of #SES-SC-HQ-O13 (kd), 
‘Qualified candidates are asked to submit their online applications by August 29, 2007, 


From the journal Science RMNAAAS 
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Faculty Position in Mammalian Neuroscience 
MeLaughlin Research Institute seeks an innovative scientist who can 
take advantage of the Institute's strengths in mouse genetics to adress 
important problems in neurobiology, neurological or psychiatric diseases, 
‘or Felated arcas, Low animal care costs and transgenic services facilitate 
‘mouse-intensive projects that would be cost-prohibitive at many other 
ceenters. Applicants with interests in animal models for human disease, 
novel strategies for genome modification or dissection of cellular func= 
tion, aging, or behavior are particularly encouraged to apply. Candidates 
should possess a doctoral deyree and a record of research excellence as a 
postdoctoral fellow or as an independent investigator. Applicants at any 
level will be considered. The applicant should have, or be capable of 
developing, a productive research program that can compete successfully 
for grant funding. Candidates should be willing and able to establish both 
intramural and extramural collaborations. 


‘The Institue is u small non-profit organization located near Montana's 
Rocky Mountain front that offers a non-bureaucrati, interactive research 
environment in a spacious modem research building. Faculty members 
also benefit from the active involvement of MRI's Scientific Advisory 
Committee (Iry Weissman, David Baltimore, Dayid Cameron, Neal 
Copeland, Jett Frelinger, Leroy Hood, Nancy Jenkins, and James 
‘Spudich), For additional information see www.montana.ed'w ww mri 
For specific questions about the Institute contact George Carlson, Joha 
Mercer, John Her mingham or Deb Cabin at MRI 
Applications, including names and contact information for three wo five 
individuals who may serve as references, should be sent to: 
George A. Carlson, Ph.D, 
Director, MeLaughlin Research Institute 
1520 23rd Street South 
reat Falls, MT S940S 


An Equal Opportunity/Affirmative Action Employer 


Instrument Specialist! 


g 2 Automation Chemist 


‘The Merck Catalysis Cemer in the Chemistry Depart 
University is engaged in supporting academic rescareh in the 
catalytic reaction development as part of a fast-paced discover 


Job responsibilities for this position include, but are not limited to 
1 modifying computer-based procedures forthe control of 

throughput 
instrumentation, Instrumentation includes liquid and solid dispensing 
‘robots, parallel reactor systems, and analytical instrumentation (HPLC, 
SFC, GC, MS, cc.) Additionally there is the opportunity fora motivated 
‘candidate to conduct publish independent research in affiliation withthe 
Catalysis Center 


The job candidate will have a Ph.D. or MS, degree in chemistry and 
practical experience in the maintenance and operation of automated 
HTS instrumentation, analytical instruments (SFC, HPLC, GC, MS), 
ilove boxes, etc. The candidate should have a strong background 
‘homogencous catalysis with espericnce in analytical characterization, 
as well as basic computer programming skills, The ability to wor 

1 team environment is required with effective interpersonal skills to 
‘communicate clearly and interact with academic collaborators (faculty, 
‘graduate students, and postdoctoral associates) 


Applicants should send their CV, a brief statement of rescarch interests, 
‘and tree letlers of reference to: Ms. Caroline Philips, Department of 
‘Chemistry, Princeton University, Princeton, NJ OXS4-1009. 


For information about applying to Princeton and how to selCidentify, please 


Princeton University is an Equal Opportunity 
Affirmative Action Emplover 


Eldgendssische Technische Hochschule Zarich 
Swiss Federal institute of Technology Zurich 

The Zurich Center for Imaging Science and Technology 
(CIMST) and the National Center of Competence in 
Research (NCCR) on “Neural Plasticity and Repair” invite 
applications for an independent group leader position. 
The successful candidate will initiate a new research 
program on the development of “Optomechanical 
Microtechnology for High-resolution Endoscopic 
Imaging” aimed at minimally invasive deep tissue 
imaging, in particular in the brain. We are seeking a 
young scientist with outstanding expertise in micro- 
mechanics, micro-optics or related fields and a genuine 
interest in biomedical research. The Junior Group will 
be embedded in the Nano-Optics group at the Laboratory 
of Physical Chemistry at ETH Zurich in close collaboration 
with the Brain Research Institute at the University of 
Zurich and will be an active part of the existing networks 
for optical sciences (www.opteth.ethz.ch), imaging 
science and. technolooy— (waw.cimetethz.ch), 
micro&nanosciences (www.micronano.ethz.ch), and 
neuroscience (www.nccr-neuro.ethz.ch). The position is 
at the “Oberassistent” level. Funding includes a start-up 
package and salaries for 5 years. 


Applications including CV and a brief research outline 
should be sent by September 30" 2007 to Prof. V. 
‘Sandoghdar, Laboratory of Physical Chemistry, ETH 
Zurich, Wolfgang-Pauli-Str. 10, CH-8093 Zurich, 
Switzerland. For information please contact Prof. V. 
Sandoghdar (vahid.sandoghdar@ethz.ch) or Prof. F. 
Helmchen (helmchen@hifo.uzh.ch). 


Director, Research & Development, 
Cenn: Kemin AgriFoods North America 
Director, Research & Development, 
Kemin Food Ingredients 


Kemin Industries, In. is a privately held global life science company 
Ineadguartcred in Des Moines, lowa, with a vision to “improve the quality 
‘of life by touching half the people of the world every day with our prosucts 
and services.” Kemin develops nutritional solutions that serve a variety of 
industries ranging from Agrifoods to Pharmaceuticals 


Kemin curently seeks RARD Directors for two of its business units. Both 
positions are responsible fr all research and development of products from 
‘conception to commercalization in their respective markets. The positions 
‘oquire extensive management experience, including budgeting and manage- 
‘ment ofa wide array of projects and research teams Excellent interpersonal 
land communications skills are required in these hands-on roles. Domestic 
‘and international travel is likely 


Director, Research & Development - Kemin AgriFoods: Ph.D. in Animal 
Science, Biochemistry, Organic Chemistry or Microbiology: At least 7 years 
‘of broad scientifc‘ag-oriemed experience and knowledge base (chemistry, 
biochemistry, animal feed/nutrtion, microbiology, agronomy, statistical 
analysis, technical writing, practical field experience, ec.); A proven track 
record of accomplishment in product commereialization 


Director, Research & Development - Kemin Food Ingredients: Ph.D. in 
Food Scicnce or Biochemistry; At least 7 years of broad experience in cut- 
ting edge biological, chemical, food science and or agricultural technology. 
‘management and a proven track record of accomplishment in product com- 
‘mercialization; Food ingredient industry experience a plus. 

More information about Kemin, its products and industries served can be 
found at www.kemin.com. 


Please submit resume, cover letter, and salary expectations: Kemin Human 
Resources, 2100 Maury Street - PO Box 70, Des Moines, 1A 50306-0070 
‘or jobs‘a kemin.com. 


‘Kemin isan Equal Opportunity Emplover. 


UNIVERSITY OF BASEL 
The Medical Faculty of the University of Basel, Switzerland, invites applications for a tenured faculty position as 


Associate Professor (Extraordinariat) in Neurophysiology 


at the Institute of Physiology. Candidates should hold an M.D. and/or a Ph.D. degree and are expected to have an out- 
standing research record in the field of neurosciences. The successful candidate will complement research activities 
in the "Focal Area Neurosciences” of the Department of Biomedicine and is expected to collaborate with the neuros- 
cience research groups at the University Hospital and the University, particularly the Biocenter. 

Basel has a high density of neuroscientists that cover a wide spectrum of neuroscience research, ranging from basic 
to clinical and applied research (to be found under this link: http: /vww2 biozentrum.unibas ch/neuro), Physiology tea- 
ching of medical students will be required. The position provides access to core facilities and includes one post-dioc- 
toral position, and one technician as well as secretarial assistance 


Applications must be submitted in electronic and written form and should include a letter of motivation, a CV and cover 
the past five years with alist of publications, a fist of external research funding, and a description of teaching experiences 
A detailed outline of research interests should also be part of the application. For further information please contact the 
chairman of the search committee Prof. Dr. U. M. Spornitz ( Tel. +41 61 267 39 66, email udo.spornitz@unibas.ch ) 


Please submit you application no later than September 1. 2007 to Prof. Dr. A. Urwyler, Dean of the Medical Faculty, 
University of Basel, Klingelbergstrasse 23, CH 4031 Basel, Switzerland, albert. urwyler@unibas ch 


University of Berge 
You got Li ores deateig st ealver nirentenrn aor 


standard and we have three 3 Excellence (CoE). The University of Bergen has ast 


the offer ecskriscem ance nee 
you always 
dreamed of. 


Now what? 7 


Faculty of Mathematics and Natural Sciences 


Professorship/Associate Professorship in Petroleum Geophysics, 
Department of Earth Science, University of Bergen, Norway 

“ie Applicants must have an established international record of research in 
Wwww.sciencecareers.o1 petroleum geophysics with emphasis on seismic processing, imaging and 
inversion of complex geological structures and their rock properties, 
For further information please contact Professor Olav Eldholm, 
Head of Department (phone +47 55 58 32 81; email olav.eldholm@geo.uib.no) 
of Professor Tor Arne Johansen (phone +47 55 58 34 15; 
email TorArne Johansen@geo.uib.no). 
Science Careers Complete announcement on the University of Bergen’s website 
http://www.uib.no/stilling. Applications (in 5 copies) should be sent to 


The Department of Earth Science, University of Bergen, Allég. 41, 


NO-S007 Bergen, Norway. Application deadline 25 August 2007. 
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Chair of Biomedical Engineering Department 


The College of Engincering is seeking a dynamic, innovative leader forthe position of 
Chair of the Biomedical Engineering Department. The Chair is responsible for overall 
Ea eae departmental leadership and administration and reports tothe Dean of Engineering. The 
EERgINCerNg individual should be an active researcher with a trong histry of extemal Funding in 
addition to being recognized for distinguished contributions to biomedical engincering 
‘ora related field. The individual will be expected to attract, lead, and mentor high quality faculty. 
The Biomedical Engineering Department is the only department in the nation to have received both 3 
(Whitaker Foundation Leadership Award anda Coulter Foundation Translational Reseach Partnership Award 
The department also has an NIH Pre-docioral training grant in Quantitative Biology and Physiology and 
it maintains new cutting-edge core fxlities in micro and nano biofabrication, micro and nano imaging, 
biointerfe technologies, biomedical computing. and teaching laboratories. The department atracs about 
‘S18 million per year in extemal finding with research strengths including systems and synthetic biology. 
«ell and tissue engineering, drug delivery and biomaterials, neuroengineering and sensory systems, multi- 
‘seal bioimaging. cardiopulmonary engineering. ani orthopedics among others. The departments currently 
ranked 6* in US News und World Report 


‘The BME department is poised to impact the major biological-thru-biomedical challenges ofthe next Few 


‘decades. The next chair will have a mandate for faculty growth in areas that sustain workdlass research 
‘nd education in crosscutting areas. 
‘One of four departments within the College of Engineering the Biomedical Engineering Department 
consists of 28 primary faulty members, 16 secondary faculty members, 4 rescarch faculty members, 21 
‘staff members, 150 graduate students and 380 undergraduates. Department faculty play key roles in many 
of the College and University research center, including the BioMolecular Engineering Rescarch Center 
the Center for Advanced Biotechnology, the Center for Advanced Genomic Technology, the Center for 
BioDynamics, the Hearing Research Center, the Neuromuscular Research Cente, the Center for Nanosi- 
‘ence and Nanobiotechnology, ad the Photonics Center. For additional information about the department, 
please visit www-buedu/bme 
Persons interested in being considered for this postion should submit a bret leter of interest, a vision 
‘Biomedical Engineering. and a curent curriculum vitae. The search wil be open 
tions anf nominations to: Jim Collins, Biomedical 
Engineering Search Committee Chale, Ce ygincering, 44 Cummington Street, Boston, MA, 
(02215 or by email (pdf or text documents) to bmechairsearchaa bu.ed, 


Boston University is an Afirmative Action, Equal Opportunity Employer: 
Mimen and minors curndubotes are encouraged to apps 


Research Professor (Division Chief) 
Microbiology and Immunology 
Yerkes National Primate Research Center at Emory 


The Yerkes National Primate Research Center (YNPRC) at Emory University secks a 
new Chief for its Division of Microbiology and Immunology. The successful candi. 
establishes ygnized research program in the 
eas of vaccine development or microbial pathogenesis and will have clear leadershipy 
skills. The Chief will be designated as a Core Scientist of the YNPRC and, as such, 
will be expected to have a ro cadership of the Center as well as be expected 
to promote an open exchange of ideas, interdepartmental and interdisciplinary col 
laborations, and publication of fundamental discoveries and to espouse the hi 
standards of scientific integrity 


The Division of Microbio 
Center have established research programs focusi 
biodefense; all have as their foundation a strong commitment to world-class basi 
science in the immunology and patho, 


and Immunology 


r -ademic appointment in an 
appropriate Department within Emory University’s School of Medicine and will also 
bea Member of the Emory Vaccine Center. The Emory Vaccine Center is a partner in 
ch Alliance to develop and 
deploy next andidate will play a 
‘major role in this Vaccine Ini ed by September 
30, 2007 and should be addressed to: Dr. Rafi Ahmed ra@ microbio.emory.edu; 1510 
Clifton Road, Atlanta, GA 30322. 


Please reference job requisition #1269BR on the Emory employment website: 


http://emory.hr.emory.edu/carcerv/index.humt 


Emory University is an EEO/AA Employer. 
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INSTITUT PASTEUR KOREA 


Institut Pasteur Korea (IP-K) is a translational research i 
cl nomics approach, 1P-K’s technological platform re 
g. The institute integrates all steps from bas 
inal chemistry as well as automated visual tangs 


Institut Pasteur Korea i 


iting applications for the position 
of this position is to plan, int 
international partners in As 


Europe and the US. A Ph.D. in lif 


‘Head of 
egrate. and focus the scientific efforts with 


stitute, linking cell based disease models to therapy development, Using a 

jes on computer-aided visualization in conjunction with high throughput 
‘ell biological research on disease models, to sereenin, 
et ID and systems biol 
Institut Pasteur-Korea is an international institute, currently of 130 employees (30% fore 
9, For more information, visit our website at www.ip-korea.org, 


nd pharmacology. 
uses on both chronic and infectious 
to quickly grow and move 


the insti 
aces and editorial experience are ideal quali 


position, and good communications skills are essential. Based in Seoul in the cultural heart of dynamic Korea, the position comes with 


ctive sa 


a highly att 
Applications i 


ry and benefits package, 
cluding aC 


nd brief letter of intent should be submitted electron 


ly to: reeruit@ip-korea.org. 


Group Leader of Hepatitis C Virus Biology 


Institut Pasteur Korea 
expansion we seek 


seeks an accomplished sei 


ical sereening. Research groups within IP-K pursue a basic se 


Candidates should have post-doctoral experience and a proven track record in research, Group leaders re 
with experience and achiever 
seordance with the activity. 


upto five years, Salaries will be commensu 
and size of the supported staff will be in 9 
Letters of intent des 


yee research ay 


g your proposed research program (in Engli 
as well as contact information of three references should be submitted electronically 


st 1 lead a research group in HCV biology and infection, During our current 
in outstanding researcher With a strong interest in the molecular basis 
The applicant's research program should make use of our high cont 


host virus interaction during HCV 
t Visual platform technology, allowing for Lange scale 
nda in coordination with drug discovery efforts 


ive initial appointments of 
The allocated research budget (including equipment) 


1-3 pages max.), a detailed CV, a descripti 
recruit@ip-korea.org, 


f past activities, 


Science 


EDITOR-IN-CHIEF 


The American Association for the Advancement of Science 
(AAAS). publisher of Science, is initiating a search for Editor- 
in-Chief. The journal is published weekly with workdwide 

culation to members of the AAAS and institutional subscribers, 
including libraries. Science servesasa forum for the presentation 
‘and discussion of important issues relating to the advancement of 
science, with particular emphasis on the interactions among sei- 
cence, technology, government, and society. It includes reviews 
and reports of research having interdiseiplinary impact 


In selecting an editor-in-chief, the Board of Directors will 
attach special weight to evidence of significant ac 
scientific rescarch, editorial experience and creativity, awareness 
of leading trends in the scientific disciplines, and managerial 
abi 


Applications or nominations should be accompanied by com- 
plete curriculum vitae, including refereed publications, and 
should be sent to: Gretchen Seiler, Executive Secreta 
Search Committee, 1200 New York Avenue, NW, Washing 
ton, DC 20005, Salary is negotiable based on quali 
experience. Application materials should be sent by August 
15, 2007 


The AAAS is an Equal Opportunity Employer. 


Fy Department of Health and Human Services 

g National Institutes of Health CS 

National Institute on Agi Sat 
Intramural Research Program 


TENURE TRACK - TRANSLATIONAL INVESTIGATOR 


The Laboratory of Clinical Investigation (LCI) of the National Institute 
‘on Aging (NIA) is recruiting a translational scientist for a tenure-track 
‘position within its Intramural Research Program (IRP). This position is 
100% research, includes an attractive set-up package and operating budget, 
and provides the unique and extensive resources of the NIH. 

The successful individual must possess an M.D. M.D.J/Ph.D., ora Ph.D. 
degree with training and expericnce in translational escarch with a specific 
interest in stem cell biology, preferably in hematopoietic oF cancer systems 
The ideal candidate will have an established recon of sciemiic avcom- 
pilishment within the fields of clinical immunology/oncology and a strong, 
publication record. The ultimate goal of the research should be innovative 
clinical tials forthe treatment of human diseases. 


Salary is commensurate with research experience and accomplishments, 
‘and a full Civil service package of benefits (including retirement, health, 
life and long term care insurance, Thrift Savings Plan participation, et.) 
is available, Additional information regarding the NIAARP and the LCL 
‘are available atthe following websites: 
hntp://www.gre.nia.nih.gow 
hhttp:/www.gre.nia.nih.gov/branches/INsJindex. html 
ply: Please send a cover letter, curriculum vitae, bibliography, and 
‘statement of research interest to: Peggy Grothe, Intramural Program 
‘Specialist: Office of the Scientific Director (Box 09): Vacancy # NIA~ 
National Institute on Aging. $600 Nathan Shock Drive, 
224-6825, Applications must be received by September 
4.2007 aditional information is needed, please call 410-558-8012 or 
‘email grothepé@ gre.nia.nih.gov 


DHHS and NIH are Equal Opportunity Employers 
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From physics to nutrition 


For careers in science, 
turn to Science 


Looking for a great 
science career? 


If you want your career to bear fruit, don't leave it to Features include: 
chance, At Science Careers we know science. We are "Thousands of fob postings 
committed to helping you find the right job, and to = Careerathice: 

delivering the useful advice you need. Our knowledge Grant information 

is firmly founded on the expertise of Science, the © Resume/CV Database 
premier scientific journal, and the long experience of = GareerForuhi 


AAAS in advancing science around the world. Science 
Careers is the natural selection. 


www.ScienceCareers.org Science Careers 


IF YOU THINK OUR 
PIPELINE IS IMPRESSIV 
YOU SHOULD SEE 


THE SCIENCE 
BEHIND IT! 


Every day, your work has the ability to impact lives. Many 
of GSK Consumer Healthcare's well-known products 
are global brands, and offer people a new lease on life 
Whether smoking cessation, weight loss, pain management 
or even restoring a quiet night's sleep, our products make 
life better for millions, 


Recently named the 2006 Pharmaceutical Company of 
the Year by Med Ad News, GSK is no stranger to 
the power of exceptional science and global product 
marketing. As we expand our portfolio of consumer 
products, which already include such market leaders as: 
Nicoderm, Breathe Right, Panadol, Abreva, Polident, and 
Alli, the first FDA approved OTC weight loss product, GSK 
Consumer Healthcare is eager to attract the most 
passionate scientific talent in the marketplace 


Our New Product Development and New Product 
Research departments, located in Parsippany, New 
Jersey, currently have the following opportunities avail 
able for exceptional professionals: 


+ Senior Developmental Scientist 
(Req. ID: 44110, 43448, & 43018) 


+ Principal Scientist, Smoking Conts 
(Req. 1D: 41512) 


To learn more about these 
positions and to apply online, 
please vist wwwxqsk.com/careess. 
Indicating Req. ID is essential 
to search. 


gchar we oon 


6k 2 proud to romate an cen cite. eau pepe be Perens and gong 


GlaxoSmithKline 
Consumer Healthcare 


Forschungszentrum Karlsruhe 
in der Helmholtz~-Gemeinschaft 


r 


‘The Forschungszentrum Karlsruhe GmbH, member 
of the Helmholtz Society, is one of the leading 
research centres of Europe. Its synchrotron light 
source ANKA will be build up to a national and 
European user facility on specific science areas. Its 
25 GeV storage ring provides light from hard 
X-rays to the far-infrared for spectroscopy, scatter- 
ing, imaging and lithography. 


ANKA focuses on the use of synchrotron radiation for 
micro- and nanotechnologies, condensed matter 
research, actinide and environmental research and on 
the development of synchrotron technology. 


For the current expansion of ANKA we are looking for 
the following staff: 


| Scientists tor 


undulator development and project management 
(227/207) 


beamline development program (74/2006-2) 


|Ser r Scientists for 


beamline development program (73/2006-2) 


- coherent X-ray micro imaging methods and instru- 
mentation (195/2007) 


scientific project management and the acquisition of 
3° party funding projects (23/2007) 


development of modern synchrotron X-ray diffraction 
techniques (25/2007) 


Detailed information about these vacancies can be 
found at http://jobs.f2k.de. 


For more information please contact Prof. Dr. 
Baumbach, Tel. +49 (0)7247 82-6820 or Mrs. Maurer 
+49 (0)7247 82-5006. 


Kindly send your application to Mrs. Maurer, HPS, 
making explicit reference to the vacancies or apply 
online http://jobs.fzk.de. 


Forschungszentrum Karlsruhe GmbH 
in der Helmholtz-Gemeinschaft 
Hauptabteilung Personal und Soziales 
Postfach 36 40, 76021 Karlsruhe, Germany 


Internet: 


areers 
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POSITIONS OPEN 


‘TENURE-TRACK POSITION 
Department of Chemical Engineering and 


Applications are invited fora faculty position at the 
ASSISTANT PROFESSOR level in thermounamics 
‘oF materials with an experimental emphasis focusing 
‘on problems related t0 energy, nanomaterials, and 
‘complex materials. Commitment to cros-disiplinary 
tundengraduate and graduate education is essential. A 
Ph.D. in materials scence, chemical engincering, 
chemistry, oF related discipline is required. (The sue 
‘cessful applicant will have acasssto the Peter A. Rock 
Thermochemistry Laboratory which is a center 
ccllence in calorimetric 

Dther characterization eq 


‘and ‘Technology Organized Re- 
heep://neat.scda-vis,cu/ 


haep:/Z 
‘www.chms.ucdavis.cdu/employnent/ for our on 
Tine application procedure and requirements, 


conskcation,apeaton 
Inter han Octet 30,2007, 
2008, UC Di an Aim ten El Ope 
ny Ep nd tsar ete» irene sy 
Comminy. We wekowe al ql apenas apt 

fl th thie od 


‘THE UNIVERSITY of TEXAS SOUTHWESTERN 
MEDICAL CENTER at DALLAS 

The Department of Internal Mesiine, Division of 
Nephrology, secks faculty at the ASSISTANT/ 
ASSOCIATE PROFESSOR kel who will develop 
independent rescardh programs in kidney biology 
sind seas. Individuals ith expertise in human 
hetics or glomeruli biology and who are eligible for 
Endowed Scholes or Disease-Oniented Clinkat Schal 
a ops pray coumged 
busi scents will ako be somscered Succes a 
dlidates will participate in ove newly furled O' Been 
Kidney Research Core Center. Applicant must have 

PhD, degree, Clinical duties, if app 

i pat cc ates i nepiobay 
nasties wal include the teaching ard 
training. of medical students, graduate students, 
house staf, and fellows 
ge ene Nero erate 

tu/nephrology. Sent surculim vitae, descrpien 
Of teseavhy aa ee eflrence kets to: Peter 
Igarashi, MLD., Chief of Nephrology, University 
‘of Texas Southwestern, 5323 Harry Hines Boule: 
Yard, Dallas, "TX. 75390-8856. E-mail: peter. 
igarashi@utsouthwestern.eda. UT Souhoiom i 
Liga Opp Afimaive Acton Line 


Two POSTDOCTORAL POSETIONS sail 
ble immer at the Vander Ingram Caer 
Genter to investigate p120-catenin fanetion in ee 
calladhedon and canter, Seeking highly motivated 
Sand interact cindiviuals with heen interest ison of 
two areas, One insoles p20 mechanism of ation 
‘with respect to cadherin sablity and Rho guanosine 
Trait ans a ine i aig aed 

‘pertixe in molecular and wclue biology is dee 
He The other involves p20 ablation in avousing + 
1P120 conditional knockout mouse model expertise 
th signal transduction and mouse mextching woth in 
terest in colon cancer i desirable. Candidates should 
have recent Ph.D., or be near competion of Ph.D, 
and have strong Seidemic backgrounds in relevant 
{cchnologies, Salaries are competitive. Permancnt 
US. edeney rove 

Please send by e-mail a brief cover leter with 
curriculum vitae and three refrences to Dr. Al 
Reynolds, e-mail: al.reynolds@vanderbiltiedu. 
For links” to Reynolds Laboratory” website and 
postdoctoral affairs at Vanderbilt, go to website: 
hneep://bret.mc-vanderbilt.edu/beet/. Vivi 


SITION 


"THE UNIVERSITY of TEXAS SOUTHWESTERN 
‘MEDICAL CENTER at DALLAS 
The Department of Internal Medicine Division of 
Nephrology seeks an ASSISTANT /ASSOCIATE 
PROFESSOR for qur expanding dialysis, transplan 
‘ation, and dinial/tanstiond research programs. 
Applicant must have an M.D. degree or equivalent 
fom an approved Liaiion Committee on Medical 
Education medial school and satsctory comple: 
‘ton of an internal medical residency and 3 nepbrel 
‘ogy fellowship from an Accreditation Counal for 
Graduate Medical Education accredited. program 
Level of appointment will be commensurate with 
caperince, Candidate must be cligble for Tesas 
medical censure and be Board-ertiied/cligible in 
{nternal medicine. We are renuiting both CLINT 
IANS and CLINICAL SCHOLARS. Dutics 
‘Clinician will nchide patient care with emphasis 
stasis and transplantation, Clinical Scholars wil be 
‘espected to devclop independent research programs 
nour newly funded O'Brien Kidney 
Center. Dates wil ao include the 
teaching and taining of medical student, graduate 
sux, house staff and flows. Indvadals who are 
lige Yor our Discas-Oncrted Chinical Scholars 
(DOCS) Program are paricuseycncoxraged to app 
Visit our website: herp://www.utsouthwestern, 
cu nephrology. Send cumculu vite, dexeton 
‘Of rescrch interes, aod three reference ter to 
Robert Toto, M.D. Director of Clinical Nepheol- 
2B: Ualrerity of Texas. Southwexery, $523 
arty Hines Boulevard, Dallas, TX 75390-8856. 
E-mu: robert.ow@utsouthwoter.ed U7 So 
ttn on El Opny/Afomaine Aon Eagle 


RESEARCH COLLABORATORY for 
STRUCTURAL BIOINFORMATICS 
SCIENTIFIC LEAD 
University of California, San Diego (UCSD) 
Tocaton: La Jolls, California 92093 

The Research Collaboratory for Structural Bio 
informatics (RCSB) Protein Data Bank (PDB) ste at 
the Unverty of California San Dicgo (UCSD) i+ 
Sccking an eapericnced BIOLOGIST for the pos 
tion of Scenic Lad forthe PDB Web devdopmnent 
fooup. The incumbent wil work wih the PDB 
Biretor, CorDaretor ant schnnic afl at both 
Ringers aa! UCSD in defining the scion bjatnes 
for the KCSB website, prnnle funcional requ 
ment, an paste the design and development 
Of data ands took. The Scenic Lead wil have 
“icop domain knowlege tn eructral log, com 
ptttional blogs, o¢ rated dacipline. The Sn 
‘ie Lead wil be sie at working with scents 
from divers disciplines ax well ax TT devclopment 
Stall. The overarching goal for this naval will be 
tw pronide the PDB wer community with rkvant 
tnd cathe took with which to ance and analyte the 
sweat of the PDB content to enhance thar own 
rscach fies. Quali indie wall he’ the 
‘pgoraniy to porns an academic rescarch track 

Repkcancs shoukl send a leer describing. thir 
incers i the position, complete curmculum vitae, 
tind names of de references to Profemor Philip E, 
Bourne at email phoume@uad.tu, 

gad Orpen] /Afimatre Aten Egy 


ABOUT MICROCHIP BIOTECHNOLOGIES 

“Microchip Biotechnologies Incorporated (MBI) is 
a privately-held startup company located in Dublin, 
‘Glioma thae is developing advanced nanofluidic 
simple preparation and analvss systems for the ge 
nomics lie sciences, and molecular dagnonticy iar 
kts. These solutions are based on MBI's proprictary 
NanoBlioPYocesar platform ans assodiated Microscale 
‘on-Chip Valves (MOV) technology. 

We are secking highly qualified applicants who 
will thive in a fast-moving startup emviroament for 
the fallowing open positions: SENIOR MICRO. 
FABRICATION ENGINEER, STAFF SYSTEM 
SCIENTIST, SENIOR SYSTEMS ENGINEER, 
‘MICROFABRICATION PROCESS ENGINEER. 

For more information on other open postions 
and on the compuny, please visit website: tp: // 


Tinvraty a Esl Oppornaty Employer www. pbiotcch.com. 
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lowa Center for Muscular Dystrophy Research 
‘and the Department of Neurology 
University of lowa Carver College of Medicine 


Faculty Positions 
Skeletal Muscle Biology and Disease 


The Univenity of lowa Carver College of Medicine is seeking outstanding 
‘candidates for tenure track positions as members ofthe Lowa Center for 
Muscular Dystrophy Research. Candidates are expected to establish inde- 
pendent laboratories focusing on skeletal muscle biology or discase 


ity of lowa is expanding its well-established program in 

ical muscle research. Applicants should havea M.D. and/or 
Ph.D., two years of relevant postdoctoral training, and a strong record 
of research accomplishment. We are particularly imerested in individu- 
als who would complement existing strengths in muscular dystrophy 
research, This recruitment is open to all ranks, but we are especially inter- 
ested in individuals with established research programs, to be appointed 
10 the Associate of Full Professor rank 


Substantial startup funds are available for equipment, personne! support 
supplies. The University of lowa is located in lowa City, an affoed- 
ble college community with many cultural amenities 


Interest applicants should subsnit curriculum vitae, a one page summary 
‘of future plans and copies of major publications to 
Muscular Dystrophy Research Center Search 
The University of lowa, Carver College of Medicine 
4283 Carver Biomedical Researeh Building, 
Towa City, 1A $2242 


The University of lowa is an Equal Opportunity Affirmative Action 
Employer. Nmen and minorities are strongly encouraged to apply: 


TEXAS STATE 
UNIVERSITY 


SAN MARCOS 
‘The rising STAR of Texas. 


‘Toxas State University-San Marcos is a momber of the Texas 
‘State University System. 


CHAIR 
DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY 


“Texas State University-San Marcos (www.tustate.edu) seeks a Chair forthe 
Department of Chemistry and Biochernstry (chemadmin.chemistry:txstate 
‘edu), The successful candidate must hold a doctoral degree, have a strong. 
record of extramurally funded and internationally recognized research, and 
be eligible for tenure atthe rank of professor in the Department. Preference 
will be given to candidates having previous administrative and university 
teaching experience, a history of mentoring research students, and research 
interests that complement existing departmental programs. The Department 
‘consists of 17 tenured and tenure-track faculty members, offers B.S. and MS. 
‘degrees in Chemistry and Biochemistry and participates in interdepartimental 
PhD programs. The University has an enrollment of 27,500 students and 
is increasing its number of graduate programs, San Marcos (www.clsan- 
‘marcos.tx.us) isa community of almost 50,000 and is located on the eastern 
‘edge of the Texas Hill Country, 30 miles south of Austin and $0 miles north 
‘of San Antonio, 


Interested candidates are invited to submit, as single PDF file. letter of appli- 
cation, a euriculum vitae, a personal statement on departmental leadership, 
land contact information for five references to: chemehairscarch‘a tt state 
_edu. Applications will be treated confidentially: Review of appli 

begin October 1, 2007, 


Texas State Universi San Marcos isan Equal Opportunity 
Educational Institution and as such does mot discriminate on grounds of 
‘race, color. sex, national origin, age, sexual orientation or status as a 
disabled or Vietnam era veteran. Texas State is committed to increasing 
the diversity ofits faculty and senior administrative positions 


CHAIR 
DEPARTMENT OF 
PHYSIOLOGICAL SCIENCES 


EASTERN VIRGINIA MEDICAL SCHOOL, 
NORFOLK, VA 


Eastern Virginia Medical School is seeking an extraordinary 
vidual to Chair its Department of Physiological 
snitment to strength 

ie enterprise in basic 

nd to develop an academic culture 


en, expand, 
anil clinical rese 
the forefront in biomedical science 

delivery, The new Chair of 

aces will have exceptio 

ting new faculty and building natic 
research and education programs. Candidates for this posi 
tion must have a PhD. 


distinguished 
record of scholarly ac 
re research, 
ral research funding, and demonstrated ¢ 
mitment to excellence in teaching. Candidates should have 
skills and the ability to 


ulstanding record of m 


idge the 
nents three divisions (biochemistry, pharmacology 
and physiology). Major current research focal areas are 
nd cardiovascular science with fund: 
Institutes of f 
ates with research exp 
support in the Female Repr 
especially encouraged to apply. Faculty provide 

» stuslents in the first and second year of medical school. 
the allied ofessions, and train M.S. and Ph.D. 
graduate students in the biomedic 
ful candidate will be expected to articulate and implement 
vision for development of the department and recruiting 
ented research scientists in ways that enhance current 


research and educational programs, and that may include 
strong programs in new areas of cutting edge research, For 
further information, please visit the Department Web site 

hup2/ wwwerms.edu 
nd applications will be held in 
nis should forward electron 
evms.cdu) a letter of interest along with 
rch interests and (3) the 

wes addressed to: 


Edward M, Johnson, Ph.D. 
Chair, Department of Physiological Sciences 
Search Committee 

Eastern Virginia Medical School 

Post Office Box 1980, Norfolk, VA 23501-1980 


EVMS is an Equal Opportunity/Alirmative Action ond 
Drug Free Workplace Employer and encourages applications 


‘of women and minorities, 


EVMS 


Eastern Virginia Medical School 
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POSITIONS OPEN 


FACULTY POSITION 
Molecular Virology 
Deparment of Microbiology and Immunology 
‘University of Westem Ontario 
The Department of Microbinlogy and Immunot- 
cy is secking a postion in the sca of maker 
‘rology. This poston is for a probationary (eenure- 
track) ficulty member ac the kvl of ASSISTANT 
PROFESSOR. Outsaring candidates wil also be 
consiered ata higher rank 
"The sucessful eanidate will hold Ph.D., ALD. 
cor equivalent degrees and is expected to exablish an 
Invepersene, extemal funded research program and 
cullbortions with others at the Unienigys the [.P 
Robart Reseach Institut, and the Lawson Heath 
Rescarch tnstue, Pricey wil be given to candates 
‘eith fesarch fcrens ad experioe vial por 
gen Induding virus mcdlone! immune moekion 
Sint vaccines and those who use a functional genom 
Sppraich, which wll complement exbting. aca of 
‘car sengsh within the Department and initiatives 
fon Functional and Genomics and Stems Biology at 
the Schulch School of Medicine an Deny. The 
Succeafal candida wil be expect to porticpae 
the taching progr of the Department a the under 
graduate and graduate levels 
eae sre detailed curiculum vita, a bref de 
scription of research accomplishments ann! fanure 
plan, copis of represctaive publications, and the 
ames of thee elerenes tor 
Miguel A. Valvano, Chaie 
Deparment of Microbiology and Inawnology 
‘Room 3014, Dental Seences Building. 
‘The University of Western Ontario, 
London, Ontario, Canada 
Noa Sci 
plications willbe acespted until the position is 
sae" Reve of sppicaioes wil bop ker 8 
ember 30, 2007, 
These poaltons are subject to budget approval 
Alans Shull hve fen wrt and ed comme 
‘isin Dh A 


iy. The University of 
oommivedW emplayment equity and wel 
{A qualfiod women nd men, tnclding vibe minor, 
ona pose, and pers th dines 


ASSOCIATE DIRECTOR 
Massachusetts Institute of Technology 
Pharmaceutical Manufacturing Programa 

Mh Avot Der wil work thy wh he 
program director, an MT pros, trun the daly 
Spetations ofa multiyear program on pharmaceat 
il manubeturing bed at MIT. Thiv chabenging 
program presently involscs seven:phi MIT pases 
{om and Wil be ramped up to ince thirty pls 
stunt students and postdoctoral aac, 

The objective of the progam ic. perform 
research directed at cresting anew scion In 
[harmaccaticl manufacturing. The Avsacate Direc 
for should be able to demonstrite technical creat 
ity and innovatonal and cue the-box thinking 
‘Waa nec o posse proven technical al progst 
management il 

THe ponition will involve coordinating ant man 
aging student aid postdoctoral eacrcs projets 
Midtion to: Gelitting sommonicition beewcen 
industri sponsors an MIT aff and. sents 
Porkion ao involves working donly with suppers, 
‘endo, std external collaborator 

Requirements a Ph.D. chemical emgincein 
shemity, oF sila eld and ten to Aen pis 
Sear of eipeience in pharmaccuial proves desl 
pment or manuftrtng 

Thncrcted castes may app nie at website 
hp: /web mie Date eee jb irber 
SEMGDGET Gal cise he names nd coment 
Sibson fr hrc eerence 

TIFT hos song tue common fo ey 
cugreng econ, pcm, onl race wed. opealy 
crams applies fon eee and ete AUT bo 
Afimatne cow ipl Opp, Eno 
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RESEARCH ASSISTANT PROFESSOR 
Applications arc invited for a Rescarch Amant 
Proksor in cel sigraing/mmunology- Requires 3 
PAD. i bemedil scence, wih simon dee 
ear of espercnce. Apply with curiculm vita 
{ire rektbnces to. De Mitt Napartats Ch 
Deparment of Futholgy, Micelogy nd im 
munology, University of South Carotina School 
OF Medicine, Columbia, SC 29208 or e-mail: 
USC Const oa 
Cppermeny pirates Aci Epler ond momen op- 
‘Miata fon women onl mined 


ASSOCIATE DEAN for RESEARCH and 
‘GRADUATE PROGRAMS 
Auburn University 
Harrison School of Pharmacy 
The Auburn University Harrison School of Phar 
macy seeks applications and nominations forthe new 
ly created postion of Aswoctate Dean for Research 
and Graduate Programs, a tenure-track position. 
‘Applicants must penscss a terminal degrce in phar 
maceutical sciences ora felted fd, excellent commu 
nication and interpersonal skills, and demonstrated. 
experience in leadership and management to ens 
‘sucerss in addressing the School's vision and mi 
son The ideal candida should hive academic ered 
tials suient to mect tenure eligablity requirement 
an outstanding scientific background in the area 
drug-related sciences, an established and ong: 
record of obtaining extramural funds, and editor 
board or study section experience. Candidates should 
have proven abiltics to foster an interdisciplinary 
approach to rescarch to assist the School in achieving 
the next level of biomedical research, Salary will be 
competitive and commensurate with education and 
‘experience. Candidates selected for this potion must 
Ie able to mect eligibility requirements for work in the 
United States at the time the appointwient bonins and 
be able to communicate offectively in Enaliah 
‘are invited. To assure fall consider 
induce curriculum vitac, 2 
letter of interest providing a summary of qualiica 
tons for the positon, along with three letters of re 
fence. Review of apiations wil bein August 1, 
2007, and coatinue until the position is filled. A 
‘ations and nominations should be submitted 
Hlarrion School of Pharmacy, Scarch Comenl 
tee, Associate Dean for Research and Graduate 
Programs, 2316 Walker Building, Auburn, AL 
36849-8801. Applicants may contact Ms, Brinda 
Lisano, Assistant to the Dean, for further infor 
mation atte '334- 844-8348 or via email: 
Tisanbp@ aubuirn.ed 
A full advertisement, inchaling an overview of 
esponsbilitics, can be viewed at website: hitpe// 
-auburn.edu/ professionals/ pos 
We and mints ave usenet apply. Atm Unie 
enya El Oppornty Afinatire Aton Employer, 


QUANTITATIVE/THEORETICAL ECOLOGIST 
The Deparment of Ecology and Evolution is 
sccking to fill 2 faculty position with an individual 
working at the interface of theory and data 
ecology. ‘Rank is open, with a preference for 
ASSISTANT or ASSOCIATE PROFESSOR. 
Interested applicants should submit curriculum 
vitae, selected reprints and preprints, statements 
rerch and teaching interest and dhe names and 
Addresics of three references to website: https: //_ 
‘ccologysearch.schi iu; letters of reference 
‘Sy Sabra ar as Se as wel, Applcaione 
‘will be accepted until the position is filed, but 
applications should be received before 15 September 
2007, to ensure full consideration, The Uniesty of 
(Chas at Afni Assn gual Oppeuonty Employer 


POSITIONS OPEN 
FACULTY POSITION 
Eukaryotic or Vial Pathogenesis 
Department of Microbiology and Immunology 
Dartmouth Sede School 
‘The Department of Microbiology and Immunol 
ogy at Darou Medial Schon (DMS) tase 
SSiatedoos toes eonanoting scapes sang te 
Misc tac of pebegctt of clare pes 
fs or Urarce wich ong cophase on iter 
SEtom wich the host. Cantiates woring cn 
smeccaly icant Gang, protnata, or ruse Se 
posal comueg! to ahr The Gee & ie 
Fert g comcast Gaul wemabe at the AS 
SISTANT PROFESSOR lee entry oF exer 
Sani) who al pan Gov Steceg foray bs 
smioclad pahopsat sed rab hee bees 
Gos, The sucetal spplcane wil bald te BLD, 
salon TA, cage te he arang resets and 
teaching crates Casiats wil be expected 
tdrcog snd/or capand upon a robust indopedemt 
Jer ouleborsne camaro fonced serch pr 
Fine. Testing apocrvend ier parvo ih 
Sires neil wacrbacagy inimesogy 
wine cartes toe Mccall 
fay ICR) PhD. Prop, Oppon 
es hook to paricpeie in sled der 
Sadat cote 
Thin pention flor the opportiy vo tlie the 
sateofthear fellies and tsourse amoctted 
Sina nope vara ond taceng votintin ea 
“cer center, while enjoying the Map quay of ie 
Saacterunx ofthe mes of New Engel arround 
ing ie Deewcssh commun. Fe fener in 
telson on tin ween ope se DME we Gay 
ings st websites: hep://dmdartmouh.ed/ 
ubio/ and http//Arwrw-darumouthsed/ 
votpah/- 
‘Apfocatons should const of carcuur vite, 
tof leercin of rca enero ad ple 
three laters of tcierence. Dect the all 
herciopy spplciions ter George OF 
(70 Keren Thompson, mas karen 
ermouth edu, Adminiaradve Assistant, Depart 
smont of Mistoblogy sad Temanchory, Bare 
mouth Metical Sahoo, Vail Bulking HB7380, 
Hanover, NH 03753, Renew of sppecions il 
star September 15, 2007, and conte wl the 
Psion i fled, ime Medal Sih! a Ar 
Mare Ace gal Open ile alee 
tartan ome ad mv ny gong 


HUMAN ANATOMY LECTURER, Univer- 
sity of Kansas, Biological Sciences secks applicants 
for term contract Lecturer position to teach four 
taniversty-kvel courses/semester with primary em 

ass on directing Human Anatomy Laboratories, 
Teaching of human anatomy dissection laboratories 
inclides training/evaluating teaching assistants, 
‘d: PhD. in biology or related discipline 

ated traning in human anatomy ds 


Samer diction component dn 
scription, reler to website: heap /wwrw kab, 
Kusedu, Contact: Jan Eker, Blologleal Siencet, 
1200 Sunnyside Avenue, Univertty of Kansat 
Lawrence, KS 66045-7534; e-mail: jelder@ku, 
‘du; telephone: 785-868-5883, Initial review oF 
Spplcaions begins August 31, 2007, and wil com 
Hove unt potion i ted 
Tegal Opi /ABimaie Aan Linger 


CAREER OPPORTUNITY 
This unique program offers the candidate with an 
‘earned Doctorate in the life sciences the opportunity 
sbtain the Doctor of Optometry (0.,) degree it 


27 months (beginning in March of each year). 
Employment opportunitics exist in rescarch, educs 
tion, industry, and private practice. Contact the 
‘Admissions Office, telephone: 800-824-5526 at 
ihe New Basland College of Opmmetry, 424 


wwwsciencecareers.orq 


Want to 
search 
more 
job 
postings? 


period of 


www.sciencecareers.org 
Search thousands 
of job postings 
—updated daily— 
all for free, 


Science Careers 


From the journal Scie 
Selection 


Nagaoka Universi 


WW 


ABO AE 


‘of Materials Science snd Technology, 4) 
Environmental Energy Engineering, Environmental laformation 


Applicants with their interest should vist 

www nagaokaut.ac jpleindex.btml for detailed 

Inquiry, please contact Prot. Keizo Uematsu, » secretariat 
joung Investigators, e-mail: loprun(a vos.nagaokat 


of Technology 


Cultivation Center for Young 
Investigators through 
University-Industry Joint 
Research Program 


Six Specialized Associate Professors and/or Lecturers 


at the ranks of Associate Professor and 
‘term, ending in March 2012. 
it laboratories, startup budgets and research 


(ahiogetner JPY 23,000,000 tn the first Yar) as well x supper tals (pont-doctoral 
fons and RA). Annual salary over JPY 00 3.00) and is ae 
ent. 
in = minimum guaranteed annual solary 
Cfo sen ray 


£000,000 (USS 64, fixed during the 
te tured posidons ‘oagueyeeat guarentee by 
‘be determined through two 


wirenmental Chemistry, Environmental 


imental Preservation and Maintenance 

‘ate ‘Biology, 

elie Technolo) 
‘Socie 


field 


mation and wa 
ne 


Rf HEALTH SCIENCE CENTER 
c ‘OF MEDICINE 


Tenure-Track Faculty Positions 
Neuroscience and Experimental Therapeutics 


The Department of Neuroscienceand Experimental Therapeutics (NEXT) 
invites applications for multiple tenure-track faculty positions atthe evel 
ANT/ASSOCIATE PROFESSOR We ae interests 

scientists in the neurosciences oF translational sciences with a 
strong record of research achievement and a commitment to graduate and 
mdical education. Research in the NEAT Department involves molecular, 
cellular and behavioral approaches to study brain function and disease 
processes including CNS development and aging. neuroendocrine and 
inflammatory processes, neural stem cells, mechanisms of drug abuse 
‘and ocular therapeutics (see http://medicine.tamhsc.edwhbasic-sciences! 
rnext/index html) 


The College of Medicine also has strong research programs in infectious 
disease, virology siology and structural biochem 
Faculty participate inthe Interdiseiplinary Faculty of Neuroscience and 
have collaborative ties in Biology Psychology’ Veterinary Medicine at 
Texas A&M University, the Texas Brain and Spine Institute as well as 
Psychiatry and Behavioral Science. Women and minorities are strongly 
‘encouraged to apply 


Review of applications will begin immediately and continue until the 
positions are filled. Applicants should submit a current curriculum vitae, 
statement of research goals and namevaddresses of four references 
mail to: Dr. Gerald D. Frye, Dept of Neuroscience and Experi- 
mental Therapeutics, Texas A&M Health Science Center, College of 
Medicine MSI1L4, 228 Reynolds Medical Building, College Station, 
‘TX.77H43-1114 (ndfrye‘@ medicine.tamhse.edu). 


The TAMHSC is an Afemative Action/Equal Opportunity Emplover 
Women and minorities are strongly encouraged to app 


Research and Tenure-Track Faculty Positions 
NANOTECHNOLOGY CENTER 
iscom Palmer Eye Institute 
Evelyn F and William L. McKnight Vision Research Center 
University of Miami Leonard M. Miller School of Medicine 


‘Bascom Palmer Eye Institute is in the midst of renewing and expanding 
fas research enterprise with the goal of capturing advanced technology for 
‘ophthalmic innovation. Through a ¢ faculty reruitment over the 
past five years, we have established interactive, interdisciplinary programs 
fm ncurescience, medical imaging. bio 

research. With additional wet lab space becoming available in early 2008, 
\We now Launch this new initiative in nanotechnolog, 


Ophthalmology is ripe for application of nanotechnology. The Na 
Eye Tastitute is actively promoting nanotechnology funding ii 
providing opportunity for program grow th e 


Faculty recruitment forthe nanotechnology initiative will ¢ 
ranks and include scientists and clinician-sciemists, Generous start-up 
packages and competitive salaries will be offered forthe right individu- 
als. Endowed chairs are available for senior candidates, as well as the 

focus in ophthalmot- 
cy is not required. ew directions, the 
willingness to be drawn into shared leadership projects, and an interest 
in clinical application, 


Ranked asthe #1 eye hospital in the nationby US News amd Wurld Report 
‘Bascom Palmcr Eye Insitute provides an ideal environment for advancing. 
‘medical innovation. A successful capital campaign and new senior leader- 
ship are transforming the University of Miami's research environment, 
making many new resources available. 


‘Toapply for these positions, please submita CV witha cover letter deserib- 

qualifications and expectations to: M. Elizabeth Fini, Ph.D, Professor 
and Scientific Director. efini@med.miami.edu. For more information 
about us, please see our website at www.bascompalmer.org. 
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POSITIONS OPEN 


FACULTY POSITIONS, Virology. The Depur 
iment of Microbiology ae Univeraty of Texas (UT) 
Southwestern Alccheal Center at Dalle necking 
new footy in molecular virology at the ASSIST: 
ANT PROFESSOR (tenure tack) eel 
This wile a rolling search that continues untill 
postions are filed. Faculty wil be expected to de- 
slop font rank, sompettne, independent resco 
progaams tat cus on one cr mee saps of the 
rat fe eye (how pathogen intractonss viral pate 
ches spon of vie replication, command of 
Frost cll process, vial immunology, etcetera) that 
will complement eaiing tren in hepatitis C 
polovins, West ‘Nile sis, HIV/SIV. Kapos!s 
Sarcoma-assocated hempesmss, and viral onc. 
fenesis, Reseach on any virus of medial relevance 
Sr that may be a ponent bothreat bof incre 
The candle lw fe expected to conte to the 
teaching of medical and graduate student. Ata 
ine wartup packages including  competnive sary 
Sint new hate spac, are sealable to conduct 
arch ina eapandhng, dynamic envionment. For 
“xceptional candles an Endowed Scholar Program 
‘firs startup fans of 700,000 pls $300,000 
mvards salary support) over a fowe year period. 
Canine shoull havea PRD. and/or MLD. gree 
with at kast three year of postdoctoral experience 
Sinan exceptional publcaton recon. Candi 
flea cui we, tek 
nero, two oe thre representative publ 
: stimmary of fvurerescath Wo 
Dr, Michael V. Norgard, Chair, Department of 
Microbiology, University of Texas Southwestern 
Medial Center, 6000 Harry Hines Boulevard, 
Dalla, TX 753909048 (e-mail: michaeh norgard® 
utsouthwestermedt). UT. Souhotem a lp 
COpponny Afra ies Enploy 


FACULTY POSITION 
Behavioral Neuroscience 

The Department of Psychology at the University 
‘of Memphis invites applications for a tenure-track 
faculty position at the ASSISTANT PROFESSOR 
level, Candidates must poses a Ph.D. and pos 
doctoral experience, While the specific area of spe 
cialization within behavioral neuroscience 4s open, 
preference will be given to candidates who have 3 
‘trong recond of research publiattons, currently have 

‘are bkely to obtain external fueling, and have had 
(pcrience in successful collaborative research. The 
‘aan who fills the position wil aw be expected to 
teach both undergraduate and graduate students anid 
to periodically teach ae 
statistics, Our Department currently includes 32 full 
time faculty and offers Ph.D. degrees in experimental, 
clinical, and school psychology. Evaluation of candi 
dates will bein on November 15, 2007, and may 
‘continue until position iil, Send curricuhin vitae, 
three letters of recommendation, and reprints/pee 
prints to: Guy Mittleman, Chair, Faculty Search 
‘Committee, Department of logy, The Uni- 
versity of Memphis, Memphis, TN’ 38152. The 
Unieeity of Memphis i an Fpl Opportinity ABs 
Aaion Emphoyer and eoungysappkatins fom women, 
‘thnk mois, and peso wide sie 


FACULTY POSITIONS 
EVOLUTIONARY BIOLOGIST 
PHYSIOLOGIST-PROTEOMICS BIOLOGIST 
Two tenure-track positions in the Department of 
jological Sciences at California State’ University, 
ong Beach, starting fall 2008, ASSISTANT PRO- 
FESSOR preferred, ASSOCIATE PROFESSOR 
considered. See websites: hurp:/ /www.csulb, 


gins on September 10, 2007. CSULB & aw Epa! 
Oppotnaty Employer comet to exellons dru dry, 
cand takes pode ical eminent 
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‘COMMUNITY, ECOSYSTEM ECOLOGY 

“The Department of Eology and Evolutionary Bi 
logy atthe Unicity of oronto ives pics 
Sons for a enare tac positon i conmmunty an 
tr coomstem cology. The portion tat the AS- 
SISTANT PROFESSOR bel wih an cpocted 
Sede of {Joy 2008, Dave xt wae 

Sith://liak atv roronne ca/ecogemcibe 
display _job_detail_public.cfmijob_id-2350. 


We ae particulary interested in applications fom 
individual who use experimental and field 3p. 
proaches in recarch that addresses fundamental 
Qoostions fn ecology, The soocesfal applicant will 
Hive a PRD., postion or equivalent experience, 
an ousanding acalcmic record, and ts eapccted 
bail an ortho cxcraly fended and tecrnainal 
‘ecogained rexcuch peogram. The appoise: wil hare 
the povental for excHlonce fa teaching and cones 
{othe edcaion aod taining of wotigadte ad 
‘sratate stents 
“Apphkations will be accepted unl 15. October 
2007" Applicant should ceatronialy subi cura 
ium ise, satcment of teaching. pilosophy and 
inverts, and an cane of th proposed rate to 
‘email: tamgan@ccb,ueorontn.es, 
cents should arange to have thes confide. 
sil Fevers of recortmendation sent on their ball 
rotor Rober ake, Char Ecology and 
Evolutionary Biology, University of Toronto, 25. 
Willcocks Street, Toronto, Ontario, Canada! 1 
(culled aalllac av comune ap, bere, Cone 
Sev tore onl presen eidere Cal be sien pay 
The Unbraty of Tome & swat cmmad  Svesty 
tin ks emmy and pray eros apt fet 
ible minty geup wcnhen, women, Abed pres, 
moar Say Cacia, tna of aa eal goat 
Soa thes whe may sve othe ther aie of 
ian 


ASSISTANT PROFESSOR 
Genomics/Proteomics/Bioinformatics 
University of Kentucky 

The Department of Entomology a the University 
‘of Kentucky invites applications for 3 tenure-track 
faculty position in amcct_genomics/poteomics/ 
‘Wosnformatic. Thi is primaniy a research potion, 
swith some teaching and adsiaing respons. I 
‘dual will develop a. strong independent research 
program that will interact with and synerpize ex 
‘sang departmental strengahs. Applicants must have 
2 Ph.D. m entomology, che biobpial sciences with 
3 speilzation in molecular biology, or in a cloxy 
‘elated Bld, Postdoctoral experience is genovmcs/ 
[Protcomics/bicinformatics te highly dived, The 
full postion deseripion, qualieations, and applica 
ton! requitemients are at website: http://www 
luky.cdu/ Ag/Entomology. Application deadline 
is September 1, 2007, or ntl sable applicant 

Sulit applications to: De. Reddy Palli, Chair, 
Search Committe, University of Kentucky, De- 
partment of Entomology, §-225 Agricultural Sci 
Ence North, Lexington, KY 40546-0091 U.S.A. 
E-mails spalli@uky.edu. Website: hsp://sww. 
uby.edu. 

Tie Unventy of Kosky Ep! Opp Em 
[Hoyer and ema applets fos marian fas 


Insect 


RESEARCH ASSISTANT. Full-tine, any lvl 
(HS. MS., Ph. in buchemistry-molealar boo 
BY of Bel! reed), avaiable immediately, two-year 
mi, SIF, hy peaRA Sed 
maturation by tRNase Z. Research cspericoce t= 
fired. Curnculim site and contact formation 
fe ademic/prodonal references to: Dr. Louis 
Levinger, York College/City University of New 
‘York sn jamais, New York by eal 

peda. For more about fccardh Feo See 
‘Zarcen et aly RNA 12-1104, 2006, Yan etal 
J; Bil Cams. 381:3926, 2008. gud Opprinty Ee 
pore! Ain 


POSITIONS OPEN 


LABORATORY MANAGER (Job Number 38464) 
Laser Ablation-Inductively Coupled Plasma Mass 
‘Spectrometry Arizona LaserChron Center 

‘The University of Arizona secks a highly mot 
vated scientist to serve at Manager of the Arizona 
LaserChron Center, which is a multi-user fiility 
that focuses on U-TH-Ph geochronology by laser 
ablation-mulicollector inductively coupled plasma 
‘mass spectrometry (ICPMS). Responsibilities would 
include: (1) directing installation of a new multi 
collector ICPMS and Excimer laser, (2) developing 
new analytical techniques and applications using an 
‘existing multicollctor ICPMS (GVI Isoprobe) and 
Excimer laser (DUV193), (3) performing minor 
maintenance and oversesing major repairs of these 

scruments, (4) superising visits of Fescarch sien 
tists and (5) conducting independent research. The 
position is full-time and permanent, Applicants 
Should have a M.S, or Ph.D. in earth swience or 
‘chemistry, and have demonstrated experience with 
ICPMS instrumentation. Applications will be reviewed 
beginning 15 August 2007,and will continue until the 
‘postion & filed. Applications should be subrnited at 
website: heaps:/ /vww:uacareertrack.com for job 
‘number 38464. For addtional information, please visit 
the Arona LascrChron Center website: heep:// 
‘www.geo.arizonaedu/ale and contact George 
Gehrals. (e-mail: -mailarizonaedu) 
Joaquin Ruiz (emai: jruiz@e-mailatizona.edu), 
The Univer of Ancona i an Fsual Open, Aline 
Acson Ong 


MULTIPLE PostTioNs 
U.S, Army Research Laboratory 
Multiple positions are available 
Hectron Devices Directorate (Optics Branch) of the 
Us Army Research Laboratory, Adelphi, Maryland, 
All potions involve the research and developer 
‘of sensing technologies for a broad range of appl 
‘ons indding chemical and. ological hazard 
‘xeon. A Master's or eoy-kevel PhD, /Potoctersl 
Fallow in engineering, plea science, or We sch 
nce disciplines is required: However, demonstrated 
Skil in tntenaciptinary problem saling and the 
bly to fanction os part ofa mulicisplnary team 
are highly desired. Qualified candidates wilalvo have 
Caparience in onc Gr more ofthe following areas: Ver 
Satie Knowledge of opal deaigs and instrament 
tion devlopmenr; osenser, by, an molecular 
recognition eaplosver detection indudig point and 
fr staraloffsening rechncloges separa aad mi 
“rola, inedepth eapertic in opnical ser poston 
apy; bio/aanctechndlogy induding characterization 
Teerestod candidates should snbene currieuhuns 
vitae along with at least two to three references Co 
‘onallat-cct@erLarony-nal, Salary Is comamcnst- 
fate with capericace amd quoliéations, The. po 
tions wil resale open uo filed. Algh thee ae 
tot cat wrk potion, US: econ hip mad 


EDITORIAL ASSOCIATE 
‘The National Academies, Washington, D.C, 
“The National Academics in Washington, D.C, 

sccking an Editorial Associate to faiitate recruiting, 

‘OF oiginal research submissions for the multidis: 

<iplinary research journal, the Proceedings of the Na 

tional Academy of Sciences (PNAS) and related 
activities, A scence-rlated Bachelor's degree, oF 

‘equivalent knowladge with three yeas of related pro 

fesional experience is required. A Ph.D. in 

al or physical scence and publishing experience is 
highly desired. Superior communication skill an 
attention to detail are essential as well as a demon 
strated ability to prioritize, multitask, and meet efit- 
ieal deadlines. 

For additional information on this position and 
to apply online, please visit website: 
nationalacademies.org. Under cn 
Sincar cpparninites By department, roceding of 
the National Academy of Scenes, requisition number 
(070143-6. Equal Opportunity Employer, Abinnties/ 
Females/Pnons with Delis / Veer 


wwwsciencecareers.orq 


INFERENCE 


MOUSE MOLECULAR GENETICS 5-9 SEPTEMBER 2007 


Nineteenth annual meeting on Mouse Molecular Genetics Topics 
Pattern 


ng, Germ Cells & Stem Celis, Epigenetics, 


The specific goal of this conference is to bring together a 
2 Models, Genetics, 


diverse group of scientists studying various molecular and 
genetic aspects of mammalian development. Neurobiology and Organoger 


Genomics, Human Disea: 


sline 26 July 2007 Rosa Beddington Lecture 
Richard Harvey 
Victor Chang Cardiac Research Institute, Aust 


Abstract and registration de 
To Register please visit www.wellcome.ac.uk/conferences 


alia 


The Welcome Trust Conference Conte is operated through two companies: Hinton Hal Lined, a chant registered in Engand (no. 1048066) and a compsny 
ragiatered n England (no. 3082 160) and Wellcome Tust Tracing Umted. 2 no" Ne company reqiatered n England ino. 2227027), controled by the Wol- 
{ome Trust, The registered oftces of both companies ae at 218 Euston Road, London NW 286, UK. 


MARCH OF DIMES PRIZE IN 
DEVELOPMENTAL BIOLOGY 


Do wh at Satrred ia 2008; Pans ena your ronrsnsndulone on or befoe 
you love. 


Seplember 14 


The March of Dimes Prize in Developmental Biology, a cash award 

oF $280,000 and a silver medal in the design ofthe Roosevel dime, is 

avarded to investigators whose research has profoundly advanced the 
f birth defects 


science that underlies our understanding 


Nomination forms are available upon request from: 


Love what 
you do. ia 


March of Di 
1275 Mamaroneck Avenue 
White Plains, NY 10608 
Telephone: (914) 997-4585 
Facsimile: (914) 997-4560 
mk: hofdi 


The previous recipients were 
2007 - Anne MeLaren and Janet Rossant 
2006 - Alexander Varshaysky 
2008 - Mario R. Capecchi and Oliver Smithies 
2004 - Mary F. Lyon 
2003 - Pierre Chambon and Ronald M. Evans 
2002 - Seymour Benzer and Sydney Brenner 
2001 - Corey S. Goodman and Thomas M. Jessell 
2000 - H. Robert Horvitz 
1999 Sir Martin J. Evans and Sir Richard L. Gardner 
1998 - Davor Solter 
1997 - Walter J. Gehring, n 
1996- Ralph L. Brinster and Beatrice Mintz 


From the journal Science BAVAAA\ 


aree! 
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POSITIONS OPEN 


The Department of Biological Sciences at South 
eastern Louisiana Univeraty invites applicants foe 3 
tenure-track ASSISTANT of ASSOCIATE PRO- 
FESSOR position in molecular microbial ecology 
Canaan sould se mone met of oles 
ar biology. and genetics to answer basic qucstions 
regarding the factors tha inucnce the diversity and 
funetion of mkroorganians in evologil sytem 
The candidate will be an active participant in cue 
‘of Biodiversity and Inteedsciplinary Stud 
Candies shoul! have a Ph.D. in microbiology 
sl ficld, postdoctoral expercnec, and 2 
iment to teaching and research. Applicants 
pected. t0 establish an externally funded 
‘esearch program and will teach courses in microbial 
cology, introductory microbiology, and other tn 
Aergraduate/ graduate courses in the biology currc 
lum. Applicants must be commited to working with 
sity. Tocisue review, application mates must 
be receive! by September 30, 2006, 
‘Qualified applicants should send a leter of 
appicition, cumculum siae, copk of both under 
uluate an grate trancrps (ofl transept 
‘ill be required of final), statement of teaching and 
fescarh interest ara the hams and contact ine 
tion for three references to: De. David ML. Severs, 
Department Head, Department of Biological 8 
«ences, Southeastem Lousiana University, SLU Box 
10736, Hammond, LA 70402, Inirmaion about 
‘of Biological Senos can be fel a 
www seliedu/Academics/Depts/ 
Biology. Sith Afimatie Acow/ ADA al 
Enpdnent Onortonty Enger 


The Department of Medicine/Scction of Car 
diology is wecking qualified applicants for a fll-time 
RESEARCH ASSOCIATE (ASSISTANT/AS 
OGIATE/PROFESSOR) postion to study the 
fae structure and function in small ani 

3 94T magnet) and humans, The posi 
tin wil be integrate ito the sal animal maghetic 
fevonanse program and will work on both animal 
toate of pulmonary hypertension and on human 
fight ventricular function in a shared imaging core 
for animals. The primary activity ofthe Reseaech Av 


soca (Asitant/Awocoiate/Proeao) is aeadem 


‘association with a fieulty member oF 
of applicants are required to possess 3 

< in engineering, biomedical engi 
cer {ickls. Applicants should possess 
‘excelent knowledge of cardiac imaging in humans 
nd small animals. Thre to five years of postdoctoral 

aining is required. A demonstrated track record 
‘of publication and the potential to apply for peer 
reviewed finding is preferred. Compensation and 
level of appointment are dependent on qualifies 
tions. The University provides a gencrous package 
Of fringe benefits, Interested applicants should 
submit cover letter, curriculum vitae, and three ke 
ters of reference vis e-mail fo: De. Stephen Archer, 
‘e-mail: sarcher@medicine.bsd.uchicago.edu. The 
Univesity of Chis isan Affirmative Action Ea Oppo 
tunity Employer 


POSTDOCTORAL FELLOW 
University of Cincinnati 
Department of Molecular Genetics, Biochemistry, 
and Microbiology. 

We have an opening for a Postdoctoral Fellow in 
the area of gene regulation centered on both vas- 
‘cular and cardiac tissues. Much of the work sill in 
Nolve genes that maintain sasculae integrity. The 
applicant should be experienced in gene regulation 
analysis and/or vascular or candise physiology. Re 
‘sumes should be sent to: Jerry B. Lingrel, Ph.D., 
Department of Molecular Genetics, University of 
Cincinnati, P.O, Box 670524, Cincinnati, OH 
45267-0524 or to email: jerry.lingrel@uc.edu. 
The Univesity of Cincint is on Affomative Aan ual 
Oppornty Employer: 
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‘ACADEMIC SUPPORT in BIOLOGY 
Fall and Spring Semester 2007-2008 
The St. Lawrence University (SLU) Biology De- 
partment sccks a fulltime Academic Support person 
work in their general biology course, Biology 101 
(fall) and 102 (spring), during the 2007-2008 aca 
‘demic year. The Academic Support person will join a 
‘team of fculty and staff in implementing a dynamic, 
inquiry-based sequence of courses for both major 
and nonmajor students. Primary dutics will include 
teaching two laboratory sections each week, attend 
ing all lecture, participating in a weekly team meet 
ing, participating in a weekly teaching assistant 
training seston, and assisting with coune grading, 
, this particular support person wil be in 
charge Of working with the team to develop a 
manage 2 new, peer-based study component f 
the courses. Additional duties may include order 
ing supplies, making and disposing of reagents, 
maintenance of laboratory instrumentation, testing 
laboratory exercises, supervising and training stu 
deat workers, and publishing the course laboratory 
‘Requiring approsimatcly 40 hours per week, this 
positon requires excellent organizational shlls, com 
puter shill, rescarch and data analysis shill, and 
Attention 1 detail The candidate also needs excel 
dent interpersonal sills to work with undergraduates, a 
departmental technician, and a team of instructors. 
A Master's degree (or equivalent course work) in 
ology a related substicipline i pectcrre 
Interested candidates should sulvmnit a letter of 
application, current curriculum vitac, and have three 
Iitters of reerence sent to: Dr. Michael Temkin, Bi 
‘ology Department, St. Lawrence University, Romoda 
Drive, Canton, NY 13617. Review of applications 
will begin immaatiatel 
For more information please visit the Biology’ De 
partment webpage at website: hetp://it-stlawn. 
‘edu/-biology and SLU's homepage at websit 
hnesp://www.stlawu.ediu. 8. Lavine Unienty an 
Anna Aston /Lpad Eimpymens Opptnaty Epler 
Ween, miner, tetera 0d pers with dishes ne 
encunaced to apply 


POSTDOCTORAL POSITION in cancer 
netic epidemiology and genomics, Starting fall/ 
thinner 2007, a Postdoctoral positon is available 
perform whole genome swocittion audi. Th fox 
$f the tanaational laboratory fon ieee suscep 
‘ibility to cancers of the breast, ovary, colon, a 
frostate and hymphoma. Acces to high-throughput 
fenoryping platforms and slrge numberof rescarch 
Simple from a genetic bola (Ashicnaz)isavalae 
Methodology indus candidate gene’ asocation 
suis (see Science 297:2013, 2002. Cancer Ret 
{66:5104-10, 2006 and 64:8891-900, 2008) ant 
Tinage disequilibrium mapping (sce Genetic Epide 
‘mialgry 30:48-61, 2006) Applicants wil gencrally 
havea strong bclground in molecule genetics an 
stathtiol genctic. Send curicuhim vitae and three 
lcwers of reference to: Kenneth Ofit, M.D. 
MLP.H., Clinical Genetics. Service, 1.0. Box 
192, Memorial Sloan-Kettering, Cancer Center, 
1275 York Avenue, New York, NY 10021. F 
212-434-5166. E-mail offitk@mskcc.org. Mon 
ial Shan Ketcng Caer Cone El Opry 
LBapleyer with atomgcomelonent be enhaning te ey 
of ta fiy end ifs Women od splints from direct 
Tel eta al ll alg enna apy 
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POSITIONS OPEN. 


POSTDOCTORAL FELLOW 
‘Membrane Transporters 
University of Nebraska-Lincoln 
Lincoln, Nebraska, U.S.A. 
Postdoctoral Fellow pesitions funded by the NIH 
arc available immediately at the Redox Biology Cet 
rand the Department of Biochemistry at the Uni 
sensity of Nebraska-Lincoln, A Ph.D. in the fek! of 
biochemistry, cell biology, molecular biology, oF a 
relevant discipline is required. The goal of the research, 
Project is to clucdate the function, mechanisms of 
Acton, and regulation of metal-ion transporters using 
yeast, mammalian edll, and genctically:moxitied mice 
‘A multiisciplinary approach combining. bioch 
netics, and biophysics will 
Hormation please sce website: 


2001; J Bil, Chim, 282:947, 2007 and 27931742 
2004, and in press. To apply, ¢mail a cover letter, cur 
‘icullim vite, statement of rescarch experience and 
ceaeer goals, and contact information of three refer 
‘ences to Dr, Jackwon Lee, e-mail jlee7@uninotes. 
tuned. The Unrity of Neivar-Linodn ian Eigual 
Opportty, Afimative Arion Employer. 


Ep 


POSTDOCTORAL POSITION. sailable inn 
mediately on a NIH-funded grant in the Depart 
‘of Molecular Microbiology and’ Immunology at the 
Johns. Hopkins University School of Public’ Health 
Gur bboratory i interested in the genomic/molecilar 
mechanisms which control ecific cytokine 
gene expression patterns. The suxsessfl candiate will 
be highly motivated, have Ph.D., and/or M.D. and a 
fare aime. cz Jackie Bey te 
smmunology fants with demonstrated “exper 
fence in the latest techniques to analyze chromatin 
strand gene regulation wll be ge pre 
fence, Experience with animal models is highly 
‘desirable, Mease e-mail curriculum sitae and namic 
Bru contact information of thrce references to e-ma 
jbream@jhsphedu. Jn: Hopins Univrty +a Lip 
Opporanty/ Aion: Aion Empiye, 


We deliver 
customized job alerts. 


www.ScienceCareers.org. 


MARKETPLACE 


Free shipping for 20+ reactions. 
High theoughput. Direct sequene- 
from bacteria, phage, genomic 
DNA, PCR products, ha 
1-88bndobSH we ndabcon 


Oligo Labeling Reagents 


© BHO’/CAL Fluor’ /Quasar’ Amidites 
1 Amidites for 5' & Int. Modifications 
Standard and Specialty Amidites 
BIOSEARCH — +1,800.GENOME.1 
_wevewe bt .com, 


wwawsciencecareers.orq 


Believe it! 


DNA Sequencing for @2s on 


* Read length up to 900 bases. 
* High quality electropherograms. 
* Fast turnaround. 


* Plasmid and PCR purification available. 


$2.50 
per reaction! 


POLYMORPHIC 


INA Tec! 
www.polymorphicdna.com 
info@polymorphicdna.com 


1125 Atlantic Ave., Ste. 102 
Alameda, CA 94501 


For research use only. © Polymorphic DNA Technologies, 2005 


Pe, 
we 


Polymorphic exclusively uses ABI 3730XL sequencers. 
Data delivered via secure FIP, email or CD. 

No charge for standard sequencing primers. 

384 sample minimum order. 

96 well plates only—no tubes. 


888.362.0888 


For more information please visit 
www.polymorphicdna.com 


LESO 
EFHORT 


MORE 
EASY GAIRACTION, 
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Eliminate steps. Enhance your cloning efficiency. All with the new E-Gel® CloneWell™ Gels, E-Gel” iBase” and 
E-Gel” Safe Imager™ Real-Time Transilluminator. tsolating DNA bands for cloning just got easier. Now you can retrieve DNA 
bands separated by agarose gel electrophoresis directly from the gel without slicing or additional purification steps. The extracted 
DNAis compatible with common cloning methods. It couldn't be safer or easier. See how at www.invitrogen.com/clonewell. 


6 invitrogen 
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